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PREFACE TO FIRST EDmON. 



The preparation of this book was begun several years ago, 
when much of the subject-matter treated was not to be found in 
print, or was scattered through many books and pamphlets, and 
was h^ice imavailable for student use. Portions of the book 
have already been printed by the mimeograph process or have 
been used as lecture-notes, and hence have been subjected to 
the refining process of class-room use. 

The author would call special attenticm to the following 
features: 

a. Transition curves; the multiform-compound-curve method 
is used, which has been followed by many rsdlroads in this 
coimtry; the particular ciur^es here developed have the great 
advantage of being exceedingly simple, and although the method 
is not theoretically exact, it is demonstrable that Hie differences 
are so small that they may safely be neglected. 

b. A system of earthwork computations which makes the multi- 
plication and redaction in a single operation by means of a slide- 
rule and which enables one to compute readily the volume of the 
most complicated earthwork forms with an accuracy which is only 
limited by the precision of the cross-sectioning. 

c. The "mass curve" in earthwork; the theory and use of 
this very valuable process. 

d. Tables I, II, III, and IV have been computed ab novo. 
Tables I and II were checked (after computation) with other 
tables, which are generally considered as standard, and all 
discrepancies were further examined. They are believed to be 
perfect. 

e. Tables V, VI, VII, and IX have been borrowed, by per- 
mission, from ''Ludlow's Mathematical Tables." It is believed 
that five-place tables give as accurate results as actual field 
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IV PREFACE TD SECOND EDITION. 

practice requires. Tables VIII and X have been compiled to 
conform with Ludlow's system. 

The author wishes to acknowledge his indebtedness to Mr. 
Chas. A. Sims, civil engineer and railroad contractor, for reading 
and revising the portions relating to the cost of earthwork. 

Since the book is written primarily for students of railroad 
engineering in technical institutions, the author has assumed 
the usual previous preparation in algebra, geometry, and trigo- 
nometry. 

Walter Lorinq Webb. 

TjNrVERSITY OF PENNSYLVANIA, 
PHIULDELPHIA, 

Jan. 1,1900. 



PREFACE TO SECOKD EDITION. 



Since the issue of the first edition the author has conferred 
with many noted educators in civil engineering, among them the 
late Professors E. A. Fuertes and J. B. Johnson, regarding the 
most desirable size of page for this book. The inconvenience of 
the octavo edition for field-work was found to be limiting its use. 
It was therefore decided to recast the whole work and reduce 
the pa^ge from "octavo" to "pocket-book" size. Advantage 
was then taken of the opportunity to revise freely and to add 
new matter. The original text has now been almost doubled by 
the addition of several chapters on structures, train resistance, 
rolling stock, etc., and also several chapters giving the funda- 
mental principles of the economics of railroad location. Those 
who are familiar with the late Mr. Wellington's masterpiece, 
"The Economic Theory of Railway Location," will readily ap- 
preciate the author's indebtedness to that work. But 'v^ile the 
same general method has been followed, the author has taken 
advantage of the classification of operating expenses adopted 
by the Interstate Conmierce Commission, has used the figures 



y Google 



PREFACE TO THIRD AND FOURTH EDITION. V 

pubUi^ed by them (which were unavailable whesn Mf. Welling- 
ton wrote), and has developed the theory on an independent 
basis, with the exception of a few minor details. Those who 
deny the utility of such methods of computation are referred to 
§§367, 426, and elsewhere for a practical discussion of that 
subject. ' 

The authot^s primary aim has been to produce a "text-book 
for students," and the subject-matter has therefore been cut 
down to that which may properly be required of students in 
the time uaially allotted to railroad work in a civil-engineering 
curriculum. On this account no extended discussion has been 
given to the multitudinous forms of various railroad devices 
in the chapters on structures. The aim has been to teach the 
principles and to guide the students into proper methods of 
investigation. 

January, 1903. 



PREFACE TO THIRD EDITION. 



In the present edition Tables IX and X have been entirely 
changed, the tables having been rewritten so that the values 
are given for single minutes rather than for each ten minutes. 
There has also been added a table of squares, cubes, square 
roots, cube roots, and reciprocals, which are frequently of so 
great service in computations. Advantage has also been taken 
of the opportunity to make numerous typographical and verbal 
changes. 

February, 1905. 



PREFACE. TO FOURtH EDITION. 



In this edition a very extensive revision has been made in 
the chapter on Earthwork. Table XXXIII, giving the volume 
of level sections, has been added to the book, with a speciaj 
demonstration of the method of utilizing this table for pre* 
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VI PBEFACB TO FIFTH EDITION. 

liminary and approximate earthwork calculatloiis. A danon- 
stration, with table, for determining the economics of ties has 
also been added. In accordance with the suggestions of Prof. 
R. B. H. Begg, of Syracuse University, additions have been 
made to Table IV, which facilitate the solution of problems in 
transition curves. Very numerous and sometimes extensive 
alterations and additions, as well as mere verbal and typo- 
graphical changes, have been made in various parts of the 
book. The chapters on Economics have been revised to make 
them conform to more recent estimates of cost of operation. 
July. 1008. 



PREFACE TO FIFTH EDITION. 



The very radical changes made, during recent years, by the 
Interstate Commerce Conmiission, in the analysis of operating 
expenses of railroads, have required that all of the chapters on 
Economics should be almost entirely rewritten. The writer has 
also ^ideavored to make all recommendations as to construction 
work to conform with the most recent reconmiendations on those 
points by the American Bailway Engineering Association, who 
granted the Author special permission to m£tke such quotations. 
This gives all such statements the highest possible authority. 
Advantage wrj3 taken of the opportunity to correct minor typo^ 
graphical errors and blemishes which have been discovered since 
issuing the fourth edition. 

March. 1913. 



Digitized by VnOOQlC 



TABLE OF CONTENTS. 



CHAPTER I. 

RAIIAOAD aXTRYETB, 

PAOB 
Reconnoibsancb 1 

1. Character of a reconnoissance survey. 2. Selection of a gen- 
eral route. 3. Valley route. 4. Cross-country route. 5. Moun- 
tain route. 6. Existing maps. 7. Determination of relative 
elevations. Barometrical method. 8. Horizontal measurementSt 
bearings, etc. 9. Importance of a good reconnoissance. 

PREUMINARY BTJRVBYS 

10. Character of a survey. 11. Cross-section method. 12. 
Croea-sectioning. 13. S.tadia method. 14. "First" and "sec- 
ond" preliminary survey. 
Location burvets 18 

15. "Paper location." 16. Surveying methods. 17. Form 
of Notes. 

CHAPTER II. 

ALiQNMENT. 
SlMPL£ CURVES 19 

18. Designation of curves. 19. Length of a subchord. 20. 
Length of a curve. 21. Elements of a curv^e. 22. Relation be- 
tween r, E^ and J. 23. Elements of a 1° curve. 24. Exercises, 
25. Curve location by deflections. 26. Instrumental work. 27. 
Curve location by two transits. 28. Curve location by tangential 
offsets. 29. Curve location by middle ordinates. 30. Curve 
location by offsets from the long chord. 31. Use and value of the 
above methods. 32. Obstacles to location. 33. Modifications of 
locatioxi. 34. Limitations in location. 35. Determination of the 
curvature of existing track. 36. Problems. 

COMPOHKD CURVES 38 

37. Nature and use. 38. Mutual relations of the parts of a com- 
pound curve having two branches. 39. Modifications of location. 
40. Froblemsb 

vii 



Digitized by 



Google 



VIU TABLE OF CONTENTS. 



PAGE 

Transition curves 43 

41. Superelevation of the outer rail on curves. 42. Practical 
rules for superelevation. 43. Transition from level to inclined 
track. 44. Fundamental principle of transition curves. 45. 
Multiform compound curves. 46. Required length of spiral. 47. 
To find the ordinates of a l*-per-25-feet spiral. 48. To find the 
deflections from any point of the spiral. 49. Ck>nnection of spiral 
with circular curve and with tangent. 50. Field-work. 51. To 
replace a simple curve by a curve with spirals. 52. Application 
of transition curves to compound curves. 53. To replace a com- 
pound curve by a curve with spirals. 63a. Use of Table IV. 

Vertical curves 61 

54. Necessity for their use. 55. Required length. 56. Form 
of curve. 57. Numerical example. 

CHAPTER III. 
earthwork. 

Form of excavations and embankments 65 

58. Usual form of cross-section in cut and fill. 59. Terminal 
pjnramids and wedges. 60. Slopes. 61. Compound sections. 
62. Width of roadbed. 63. Form of subgrade. 64. Ditches. 
65. Effect of sodding the slopes, etc. 

Earthwork surveys 73 

66. Relation of actual volume to the nimierical result. 67. 
Prismoids. 68. Cross-sectioning 69. Position of slope-stakes. 
70» Setting slope-stakes by means of "automatic" slope-stake 
rods. 

Computation op volume 7ft 

71. Prismoidal formula. 72. Averaging end areas. 73. Middle 
areas. 74. Two-level ground. 76. Level sections. 76. Numeri- 
cal example, level sections. 77. Equivalent sections. 78. Equiv- 
alent level sections. 79. Three-level sections. 80. Computation 
of products. 81. Five-level sections. 82. Irregular sections. 
83. Volume of an irregular prismoid. 84. Numerical example; 
irregular sections; volume, with approximate prismoidal correc- 
tion. 85. Magnitude of the probable error of this method. £0 
Numerical illustration of the accuracy of the approximate rule. 
87. Cross-sectioning irregular sections. 88. Side-hill work, 89. 
Borrow-pits. 90. Correction for curvature. 91. Eccentricity of 
the center of gravity. 92. Center of gravity of side-hill sections. 
93. Example of curvature correction. 94. Accuracy of earthwork 
computations. 95. Approximate computations from profiles. 

Formation op embankments 114 

96. Shrinkage of earthwork. 97. Proper allowance for shrink- 
age. 98. Methods of forming embankments. 

Computation op haul 120 

99. Nature of subject. 100. Mass diagram. 101. Properties 



y Google 



TABLE OF CONTENTS. tX 



PAOB 

of the mass curre. 102. Area of the mass curve. 103. Value of 
the mass diagram. 104. Changing the grade line. 105. Limit of 
free haul. 

Elements of the cost of eabthworr 128 

106. Analysis of the total cost into items. 107. Loosening. 
108. Loading. 109. Hauling. 110. Choice of method of haul 
dependent on distance. 111. Spreading. 112. Keeping roadways 
in order. 112a. Trimming cuts to their proper cross-section. 

113. Repairs, wear depreciation, and interest on cost of plant. 

114. Superintendence and incidentals. 115. Contractor's profit 
and contingencies. 116. Limit of profitable hauL 

BiASTiNo • • 149 

117. Explosives. 118. Drilling. 119. Position and direction 
of drill-holes. 120. Amount of explosive. 121. Tamping. 122. 
Exploding the charge. 123. Cost. 124. Classification of ex* 
cav&ted material. 125. Specifications for earthwork. 

CHAPTER IV. 
tbestles. 

126. Extent of use. 127. Trestles va. embankments. 128. Two 

principal types I59 

Pii«B trestles X61 

129. Pile bents. 130. Methods of driving piles. 131. Pile- 
driving formulse. 132. Pile-points and pile-shoes. 133. Details 
of design. 134. Cost of pile trestles. 
Framed trestles 167 

135. Typical design. 136. Joints. 137. Multiple-story con- 
struction. 138. Span. 139. Foundations. 140. Longitudinal 
bracing. 141. Lateral bracing. 142. Abutments. 
Floor systems 173 

143. Stringers. 144. Corbels. 145. Guard-rails. 146 Ties on 
trestles. 147. Superelevation of the outer rail on ciirves. 148. 
Protection from fire. 149. Timber. 150. Cost of framed timber 
trestles. 
Design of wooden trestles 179 

151. Common practice. 152. Required elements of strength. 
153. Strength of timber. 154. Loading. 155. Factors of safety. 
156. Design of stringers. 157. Design of posts. 158. Design 
of caps and sills. 159. Bracing. 

CHAPTER V. I 

TUNNELS. 

BUAVJOVINO •... 189 

160. Surface surveys. 161. Surveying down a shaft. 162. 
Underground surveys. 163. Accuracy of tunnel surveying. 

Design I94 

164. Cross-sections. 165. Grade. 166. Lining. 167. Shafts. 
168. Drains. 

Digitized by VnOOQlC 



X TABLE OP CONTENTS. 

PAGS 

CoNSTRtronoN ,, 199 

169. Headings. 170. Enlargement. 171. Distinctive features 
of various methods of construction. 172. Ventilation during oon- 
stniction. 173. Excavation for the portals. 174. Tunnels v«. 
open cuts. 175. Cost of tunneling. 

CHAPTER VI. 

CULVERTS AND MINOR BRIDQES. 

176. Definition and object. 177. Elements of the dedgn 207 

Area op the waterway 208 

178. Elements involved. 179. Methods of computation of area. 
180. Empirical formuUe. 181. Value of empirical formula. 182. 
Results based on observation. 183. Degree of accuracy required. 

Pipe culverts 212 

184. Advantages. 185. Construction. 186. Iron-pipe culverts. 
187. Tile-pipe culverts. 

Box CULVERTS 216 

188. Wooden box culverts. 189. Stone box culverts. 190. Old 
rail culverts. 190a. Reinforced concrete culverts. 

Arch culverts 221 

191. Influence of design on flow. 192. Example of arch-cul- 
vert design. 

Minor openings 222 

193. Cattle-guards. 194. Cattle-passes. 195. Standard stringer 
and I-beam bridges. 

CHAPTER VII. 

BALLAST. 

196. Purpose and requirements. 197. Materials. 198. Cross- 
sections. 199. Methods of laying ballast. 200. Cost 227 

CHAPTER VIII. 

TIES AND OTHER FORMS OF RAIL SUPPORT. 

201. Various methods of supporting rails. 202. Economic? of 

ties 237 

Wooden ties ' 238 

203. Choice of wood. 204. Durability. 205. Dimensions. 
206. Spacing. 207. Specifications. 208. Regulations for laying 
and renewing ties. 209. Cost of ties. 

Preservative processes for wooden ties 242 

210. General principle. 211. Vulcanizing. 212. Creosoting. 
213. Bumettizing. 214. Kyanizing. 215. Wellhouse (or zinc- 
tannin) process. 216. Cost of treating. 217. Economics of 
treated ties. 



Digitized by 



Google 



TABLB or CONTENTS. JO 

PAOB 

MetaIj ties 260 

218. Extent of use: 210. Durability. 220. Fonn and dimea- 
siona of metal crofls-ties. 221. Fastenincs. 222. Ck>st. 223. 
Bowls or plates. 224. Longitudinals. 224a. Reinforced eonorete 
ties. 

CHAPTER IX. 

JtMUi. 

225. Early forms. 226. Present standard forms. 227. Weight 
for various kinds of traffic. 228. Effect of stiffness on traction. 
229. Length of rails. 230. Expansion of rails. 231. Rules for ' 
allowing for temperatiu-e. 232. Chemical composition. 233. 
Proposed standard specifications for steel rails. 234. Rail wear 
on tangents. 235. Rail wear on curves. 236. Ck)st of rails 256 



CHAPTER X. 

BAIIr-FASTENINGS. 
RAIIi-JOINTB 270 

237. Theoretical requirements for a perfect joint. 238. Effi- 
ciency of the ordinary angle-bar. 239. Effect of rail-gap at joints. 
240. Supported, suspended, and bridge joints. 241. Failures of 
rail-joints. 242. Standard angle-bars. 243. Later designs of rail- 
joints. 243a. Proposed specifications for steel splice-bars. 

Tie-plates 276 

244. Advantages. 245. Elements of the design. 246. Methods, 
of setting. 

Spikes 280 

247. Requirements. 248. Driving. 249. Screws and bolts. 
250. Wooden ^ikes. 

TRACK-BOi;r8 AND NUT-LOCKS 284 

251. Essential requirements. 252. Design of track-bolts. 263. 
Design of nut-locks. 

CHAPTER XI. 

SWTTCBES AND CROSSINGS. 

Switch coNSTRncrioN 289 

254. Essential elements of a switch. 255. Frogs. 256. To find 
the frog number. 257. Stub switches. 258. Point switches. 259. 
Switch-stands. 260. Tie-rods. 261. Guard-rails. 

IfATHEMATICAL DEBIQl^ OI* SWTfCHEft 297 

262. Design with circular lead rails. 263. Effect of straight frog- 
rails. 264. Effect of straight point-rails. 266. Combined effect 
of straight frog-rails and straight point-rails. 266. Comparison of 
the above methods. 267. Dimensions for a turnout from the 
OUTER side of a curved track. 268. Dimensions for a turnout from 
the INNER side of a curved track. 269. Double turnout from a 



Digitized by 



Google 



XU TABLE OF CONTENTS 

PAQB 

straight track. 270. Two turnouts on the same sUe. 271. Con- 
necting curve from a straight track. 272. Connecting curve from 
a curved track to th6 outside. 273. Connecting; curve from a 
curved track to the inside. 274. Crossover between two parallel 
straight tracks. 275. Crossover between two parallel curved 
tracks. 276. Practical rules for switch-laying. 

Cbobsingb 319 

277. Two straight tracks. 278. One straight and one curved 
track. 279. Two curved tracks. 279a. Slipg. 

CHAPTER XII. 

IflSCBLIiANEOUS BTRUCTUBBS AND BUILDINGS. 
WaTEB stations AND WATER SUPPLY 826 

280. Location. 281. Required qualities of water. 282. Tanks. 
283. Pumping. 284. Track tanks. 285. Stand pipes. 

Buildings 831 

286. Station platforms. 287. Minor stations. 288. Section 
houses. 289. Engine houses. 

Snow structures 336 

290. Snow fences. 291. Snow sheds. 
Turntables ..• "'^'j 

CHAPTER XIII. 
tardb and terminals. 

293. Value of proper design. 294. Divisions of the subject. ... 340 

Freight yards ^^' 

295. General principles. 296. Relation of yard to main tracks. 
297. Minor freight yards. 298. Transfer cranes. 299. Track 
scales. 
Enoinb yards 3 'S 

300. General principles. 

Paabbngbb terminals 85* 

CHAPTER XIV. 
block signaling. 

GbNBRAX« PBINCIPLE8 351 

301. Two fundamental systems. 302. Manual systems. 303. 
Development of the manual system. 304. Permissive blocking. 
305. Automatic systems. 306. Distant signals. 307. Advance 
signals. 

Mbchanical dbtails. . t 35V 

308. Signals. 309. Wires and pipes. 310. Track circuit for 
automatic signaling. 



Digitized by 



Google 



TABLE OP CONTENTS. XIU 

CHAPTER XV. 

ROLIiINO STOCK. 

PAOB 

Wheels and rails 363 

311. Effect of rigidly attaching wheels to their axles. 312. 
Effect of parallel axles. 313. Effect of coning wheels. 314. 
Effect of flanging locomotive driving wheels. 315. Action of a 
locomotive pilot- truck. 

LOCOlfOTIVEB. 

General structure 870 

316. Frame. 317. Boiler. 318. Fire box. 319. Coal con- 
sumption. 320. Heating surface. 321. Loss of efficiency of 
steam pressure. 322. Tractive power. 

Running gear 8S| 

323. Tyj 3S of running gear. 324. Equalizing levers. 325. 
Counterbat.ncing. 326. Mutual relations of the boiler power, 
tractive power and cylinder power for various 'types. 327. Life 
of locomotives. 

CARS. 

328. Capacity and size of cars. 320. Stresses to which car- 
frames are subjected. 330. The use of metal. 331. Draft gear. 
332. Gauge of wheels and form of wheel tread S03 

TRAIN-BRAKES. , 

333. Introduction. 334. Laws of friction as applied to this 

problem 399 

VIechanism or brakes 403 

335. Hand-brakes. 336. "Straight" air brakes. 337. Auto- 
matio air brakes. 338. Tests to measure the efficiency of brakes. 
339. Brake shoes. 

CHAPTER XVI. 

train resistance. 

340. Classification of the various forms. 341. Resistances inters 
nal to the locomotive. 342. Velocity resistances. 343. Wheel 
resistances. 344. Grade resistance. 345. Curve resistance. 346. 
Brake resistances. 347. Inertia resistaooe. 348. Dynamometer 
tests. 349. Gravity or "drop" tests. 350. Formulae for train 
resistance 409 

CHAPTER XVII. 
cost of railroads. 

351. General considerations. 352. Preliminary financiering. 
353. Surveys and engineering expenses. 354. Land and land 



y Google 



XIY TABLE OF CONTENTS 



PAOB 

damages. 355. Clearing and grubbing. 356. Earthwork. 357. 
Bridges, trestles and culverts. 358. Trackwork. 359. Buildings 
and miscellaneous structures. 360. Interest on construction. 
361. Telegraph lines. 362. Detailed estimate of the cost of a line 
of road. . .' , ... 42? 



PART II. 

RAILROAD ECONOMICS. 

CHAPTER XVIII. 

INTBODUCTIpN. 

363. The magnitude of railroad business. 364. Cost of trans- 
portation. 365. Study of railroad economics — its nature and 
limitations. 366. Outline of the engineer's duties. 367. Justi- 
fication of such methods of computation 436 

CHAPTER XIX. 

THE PROMOTION OF RAILROAD PROJECTS. 

368. Method of formation of railroad corporations. 369. The 
two classes of financial interests^ the security and profits of each. 

370. The small margin between profit and loss to the projectors. 

371. Extent to which a railroad is a monc4>oly. 372. Profit 
resulting from an increase in faii:u»iiess done; loss resulting from a 
(Urease. 373. Estimation of probable volume of traffic, and of 
probable growth. 374. Probable number of trains per day. In* 
crease with growth of trafl&c. 375. Effect on traffic of an increase 
in facilities. 376. Loss caused by inconvenient terminals and 
by stations far removed from business centres. 377. General 
principles which should govern the expenditure of money for 
railroad purposes 44) 



CHAPTER XX. 

OPEBATINQ EXPENSES. ; 

878. .Distribution of gross revenue. 379. Fivefold distribution 
of operating expenses. 380. Operating expenses per train mile. 
381. Reasons for uniformity in exi>enses per train mile. 382. 
Detailed classification of expenses with ratios to the total exi>ense. 
383. Amounts and percentages of the various items 454 



y Google 



TABLE OF CONTENTS. XV 

PAOli 

Maintenance op way and btbifctubks 463 

384. Track matehal. 385. Roadwmy and track. 386. Main- 
teaanoe of track stntcturea. 387. Other items. 

Maintenancb o» equipment 466 

388. Superintendence. 389. Repairs, renewals, and deproeiar 
tion of steam locomotives. 390. Repairs, renewab and depreciaUoa 
of electric locomotives. 391. Repairs, renewals and depreciation of 
passenger cars, and of freight cars. 392. Electric equipment; 
marine equipment; shop machinery and toob; stationery and 
printing; other expenses. 393. Traffic . 

Tbansportation 467 

394. Superintendence. 395. Yard engine expenses. 396. Road 
enginemen. 397. Fuel for road locomotives. 398. Water, lubri- 
cants, and other supplies for road locomotives. 399. Road train- 
men. 400. Train supplies and expenses. 401. Clearing wrecks, 
loss, damage and injuries to persons and prc^>erty. 402. Operating 
joint tracks and facilities. 

/ 
CHAPTER XXI. 

DISTANCE. 

4(^. Relation of distance to rates , and expenses. 404. The 
conditions other than distance that affect the cost; reasons why 
rates are usually based on distance 474 

EpFBCT op distance on OPERATING EXPENSES 475 

405. Effect of slight changes in distance on maintenance of way. 
406. Effect on maintenance of equipment. 407. Effect on con- 
ducting transportation. 408. Estimate of total effect on expenses 
of small changes in distance (measured in feet) ; estimate for dis- 
tances measured in miles. 
Eppect op distance on receipts 486 

409. Classification of traffic. 410. Method of divinon of through 
rates between the roads run over. 411. Elffect of a change in the 
length of the home road on its receipts from through competitive 
traffic. 412. The most advantageous conditions for roads forming 
part of a through competitive route. 413. Effect of the variations 
in the length of haul and the classes of the busShess actually done. 
414. General conclusions regarding a change in distance. 415. 
Justification of decreasing distance to save time. 416. Effect of 
change of distance on the business done. 



CHAPTER XXII. 

CURVATITRE. 

417. General objections to curvature, 418. Financial value of 
the danger of accident due to curvature. 419. Effect <^ curvature 
on travel. 420. Effect on operation of trains 492 



Digitized by 



Google 



XVI TABLE OF CONTENTS. 



PAGfl 

Effect of Curvature on operating expenses 496 

421. Relation of radius of curvature and of degrees of central 
angle to operating expenses. 422. Effect of curvature on mainte- 
nance of way. 423. Effect of curvature on maintenance of equip- 
ment. 424. Effect of curvature on conducting transportation. 
425. Estimate of total effect per degree of central angle. 426. 
Reliability and value of the above estimate. 

Compensation for curvature 504 

427. Reasons for compensation. 428. The proper rate of com- 
pensation. 429. The limitations of maximum curvature. 



CHAPTER XXIII. 



430. Two distinct effects of grade. 431. Application to the 
movement of trains of the laws of accelerated motion. 432. Con- 
struction of a virtual profile. 433. Use value and possible misuse. 
434. Undulatory grades; advantages, disadvantages^ and safe 

limits 509 

Minor grades 516 

435. Basis of cost of minor grades. 436. Classification of minor 
grades. 437. Effect on operating expenses. 438. Estimate of 
the cost of one foot of change of elevation. 439. Operating value 
of the filling of a sag in a grade. 
Ruling grades 523 

440. Definition. 441. Choice of ruling grades. 442. Maximum 
train load on any grade. 443. Proportion of traffic affected by 
the ruling grade. 444. Financial value of increasing the train 
load. 445. Operating value of a reduction in the rate of the ruling 
grade. 
Pusher grades 532 

446. General principles underlying the use of pusher engines. 
447. Balance of grades for pusher service. 448. Operation of 
pusher engines. 449. Length of a pusher grade. 450. Cost of 
pusher engine service. 451. Numerical comparison of pusher and 
through grades. 
Balance op grades for unequal traffic 542 

452. Nature of the subject. 453. Computation of the theoreti- 
cal balance. 454. Computation of relative traffic. 

CHAPTER XXIV. 

THE improvement OF OLD LINES. 

455. Classification of improvements. 456. Advantages of re- 
locations. 457. Disadvantages of re-locations 546 

Reduction of virtual grade 549 

458. Obtaining data for computations. 459. Use of the data 
obtained. 460. Reducing the starting grade at stations. 



Digitized by 



Google 



TABLE OP CONTENTS. XVU 

PAGfl 

Appendix. The adjustments of instbuments 654 

Tables. 

I. Radii of curves 564 

II. Tangents, external distances, and long chords for a 1** curve. 568 

III. Switch leads and distances 571 

IV. Transition curves 673 

V. Logarithms of numbers 582 

VI. Logarithmic sines and tangents of small angles 602 

VII. Logarithmic sines, cosines, tangents, and cotangents 605 

VIII. Logarithmic versed sines and external secants 650 

IX. Natural sines, cosines, tangents, and cotangents 695 

X. Natural versed sines and external secants 718 

XI. Reduction of barometer reading to 32° F 741 

XII. Barometric elevations 742 

XIII. Coefficients for corrections for temperature and humidity.. 742 

XIV. Capacity of cylindrical water-tanks in United States standard 

gallons of 231 cubic inches 329 

XV. Number of cross ties per mile 430 

XVI. Tons per mile (with cost) of rails of various weights 431 

XVII. Splice bars and bolts per mile of track 432 

XVIII. RaUroad spikes 433 

XIX. Track bolts 433 

XX. Classification of operating expenses of all railroads 470-473 

XXI. Effect on operating expenses of changes in distance 485 

XXII. Effect on operating expenses of changes in curvature 501 

XXIII. Velocity head of trains 512 

XXIV. Effect .on operating expenses of changes in grade 520 

XXV. Tractive power of locomotives 525 

XXVI. Total train resistance per ton on various grades 527 

XXVII. Cost of an additional train to handle a given traffic 532 

XXVIII. Balanced grades for one, two and three engines 536 

XXIX. Cost for each mile of pusher engine service 540 

XXX. Useful trigonometrical f ormulss 743 

XXXI. Useful f ormulie and constants 745 

XXXII. Squares, cubes, square roots, cube roots and reciprocals 746 

XXXIII. Cubic yards per 100 feet of level sections 763 

XXXIV. Annual charge against a tie, based on the original cost and as- 

sumed life of the tie 766 

Index 767 



y Google 



Digitized by VnOOQ IC 



RAILROAD CONSTRUCTION. 



CHAPTER I. 

RAILROAD SURVEYS. 

Thb proper conduct of railroad surveys presupposes an 
adequate knowledge of almost the whole subject of raiUoad 
engineering, and particularly of some of the complicated ques- 
tions of Railroad Economics, which are not generally studied 
except at the latter part of a course in railroad engineering, if 
at all. This chapter will therefore be chiefly devoted to methods 
of instrumental work, and the problem of choosing a general 
route will be considered only as it is influenced by the topog- 
raphy or by the application of those elementary principles of 
Railroad Economics which are self-evident or which may bo 
accepted by the student until he has had an opportunity of 
studying those principles in detail 

RECONNOISSANCB StJRVEYS. 

1, Character of a reconnoissance survey. A reconnoissance 
survey is a very hasty examination of a belt of country to de- 
termine which of all possible or suggested routes is the most 
promising and best worthy of a more detailed survey. It is 
essentially very rough and rapid. It aims to discover those 
salient features which instantly stamp one route as distinctly 
superior to another and so narrow the choice to routes which 
are so nearly equal in value that a more detailed survey is nec- 
essary to decide between them. 

2. Selection of a general route. The general question of 
running a railroad between two towns is usually a financial rather 
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than an ^girteepfig qfiwst^oji. : Etnancjal considerations usually 
determiH^Hliat fu'road*mtwif«pai« tllr<5ugh certain more or less 
]mp>ortant towns between its termini. When a railroad runs 
through a thickly settled and very flat country, where, from a 
topographical standpoint, the road may be run by any desired 
route, the "right-of-way agent" sometimes has a greater influ- 
ence in locating the road than the engineer. But such modifi- 
cations of alignment, on account of business considerations, are 
foreign to the engineer's side of the subject, and it will be here- 
after assumed that topography alone determines the location of 
the line. The consideration of those larger questions combin- 
ing finance and engineering (such as passing by a town on ac- 
count of the necessary introduction of heavy grades in order to 
reach it) will be taken up in Chap. XIX, et seq. 

3. Valley route. This is perhaps the simplest problem. If 
the two towns to be connected lie in the same valley, it is fre- 
quently only necessary to run a line which shall have a nearly 
uniform grade. The reconnoissance problem consists largely in 
determining the difference of elevation of the two termini of 
this division and the approximate horizontal distance so that the 
proper grade may be chosen. If there is a large river running 
through the valley, the road will probably remain on one side 
or the other throughout the whole distance, and both banks 
should be examined by the reconnoissance party to determine 
which is preferable. If the river may be easily bridged, both 
banks may be alternately used, especially when better alignment 
is thereby secured. A river valley has usually a steeper slope 
in the upper part than in the lower part. A uniform grade 
throughout the valley will therefore require that the road climbs 
up the side slopes in the lower part of the valley. In case the 
** ruling grade" * for the whole road is as great as or greater 
than the steepest natural valley slope, more freedom may be 
used in adopting that alignment which has the least cost — 
regardless of grade. The natural slope of large rivers is almost 
invariably so low that grade has no influence in determining the 
choice of location. When bridging is necessary, the river 
banks should be examined for suitable locations for abutments 



♦ The ruling grade may here be loosely defined as the maximum grade 
which is permissible. This definition is not strictly true, as may be seen later 
when studying Railroad Economics, but it may here serve the purpose. 
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and piers. If the soil is soft and treacherous, much difficulty 
may be experienced and the choice of route may be largely 
determined by the difficulty of bridging the river except at 
certain favorable places. 

4. Cross-country route. A cross-country route always has one 
or more siunmits to be crossed. The problem becomes more 
complex on accoimt of the greater niraiber of possible solutions 
and the difficulty of properly weighing the advantages and dis- 
advantages of each. The general aim should be to choose the 
lowest summits and the highest stream crossings, provided that 
by so doing the grades between these determining points shall 
be as low as possible jmd shall not be greater than the ruling 
grade of the road. Nearly all railroads combine cross-country 
and valley routes to some extent. Usually the steepest natural 
slopes are to be found on the cross-country routes, and also the 
greatest difficulty in securing a low through grade. An approx- 
imate determination of the ruling grade is usually made during 
the reconnoissance. If the ruling grade has been previously 
decided on by other considerations, the leading feature of the 
reconnoissance survey will be the determination of a general 
route along which it will be possible to survey a line whose 
maximum grade shall not exceed the ruling grade. 

5. Motmtain route. The streams of a mountainous region 
frequently have a slope exceeding the desired ruling grade. In 
such cases there is no possibility of securing the desired grade 
by following the streams. The penetration of such a region 
rnay only be accomplished by "development" — accompanied 
perhaps by tunneling. "Development" consists in deliber- 
ately increasing the length of the road between two extremes 
of elevation so that the rate of grade shall be as low as desired. 
The usual method of accomplishing this is to take advantage of 
some convenient formation of the groimd to introduce some 
lateral deviation. The methods may be somewhat classified m 
follows: 

(a) Running the line up a convenient lateral valley, turning 
a sharp curve and working back up the opposite slope. As 
shown in Fig. 1, the considerable rise between A and B was 
surmoimted by starting off in a very different direction from 
the general direction of the road; then, when about one-half of 
the desired rise had been obtained, the line crossed the valley 
and continued the climb along the opposite slope, (b) Suntch" 
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hack. On the steep side-hill BCD (Fig. 1) a v^y considerable 
gain in elevation was accomplished by the switchback CD, 
The gain in elevation from 5 to D is very great. On the other 
hand, the speed must always be slow; there are two complete 
stoppages of the train for each run; all trains must run back- 
ward from C to I), (c) Bridge spiral. When a valley is so 
narrow at some point that a bridge or viaduct of i-e;F4,sonable 
length can span the valley at a considerable elevation above the 



Fig. 1. 

bottom of the valley, a bridge spiral may be desirable. In Fig. 2 
the line ascends the stream valley pastel, crosses the stream At 
B, works back to the narrow place at C, and there crosses itself, 
having gained perhaps lOQ feet in elevation, (d) Tunnel 
spiral (Fig. 3). This is the reverse of the previous plan. It 
implies a thin steep ridge, so thin at some place that a tunnel 
through it will not be excessively long. Switchbacks and 
spirals are sometimes necessary in mountainous countries, but 
they should not be considered as normal types of construction. 
A region must be very difficult if these devices cannot be avoided. 
On Plate I are shown three separate ways (as actually eeai- 
structed) of running a railroad between two points a little over 
three miles apart and having a difference of devation of nearlj 
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1100 feet. At A the Central R. R. of New Jeney runs under 
the Lehigh Valley R. R. and so<m turna oflf to the northeast for 
about six miles, then doubles back, reaching D, a fall of about 
1050 feet with a track distance of about 12.7 miles, the 
L. y. R. R. at A runs to the westward for six to seven miks;. 



Fig. 2. Fio, 3. 

then turns back until the roads are again close together at D, 
The track distance is about 14 miles and the drop a little greater^ 
since at A the L. V. R. R. crosses over the other, while at D they 
^ are at practically the same level. From B to C the distance is 
over eleven miles. From A directly down to D the C. R. R, of 
N. J. runs a "gravity" road, used exclusively for freight, on 
which cars alone are hauled by cable. The main-line routes 
are remarkable examples of sheer "development." Even as 
constructed the L. V. R. R. has a grade of about 95 feet per 
mile, and this grade has proved so excessive for freight work 
that the company has constructed a cut-off (not shown on the 
map) which leaves the main line at A, nearly parallels the 
C. R. R. to C, and then running in a northeasterly direction 
again joins the main line beyond Wilkesbarre. The grade is 
thereby cut down to 65 feet per mile. 

Rack railways and cable roads, although types of mountain 
railroad construction, will not be here considered, r^^^^i^ 
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6, Existing mttps. The m^ps of the U^ S. G^logical Survey 
are exceedingly valuable as far as they have been completed 
So far as topographical 'considerations are concerned, tbey 
almost dispense with the necessity for the reconnoissance andi 
"first preliminary*' surveys. Some of the State Survey maps 
will give practically the same information. County and town- 
ship maps can often be used for considerable information as to the 
relative horizontal position of governing points, and even some 
approximate data regarding elevations may be obtained by a 
study of the streams. Of course such information will not dis- 
pense with surveys, but will assist in so planning them as to 
obtain the best information with the least work. When the 
relative horizontal positions of points are reliably indicated on a 
map, the reconnoissance may be reduced to the determmation 
of the relative elevations of the governing points of the route. 

7. Determination of relative elevations. A recent description 
Df European methods includes spirit-leveling in the reconnois- 
mnce work. This may be due to the fact that, as indicated 
above, previous topographical surveys have rendered unnecessary 
^he "exploratory" survey which is required in a new country, 
md that their reconnoissance really corresponds more nearly to 
our preliminary. 

The perfection to which barometrical methods have been 
brought has rendered it possible to determine differences of 
elevation with sufficient accuracy for reconnoissance purposes 
by the combined use of a mercurial and an aneroid barometer. 
The mercurial barometer should be kept at "headquarters," and 
readings should be taken on it at such frequent intervals that 
any fluctuation is noted, and throughout the period that observa- 
ti<»is with the aneroid are taken in the field. At each observa* 
tion there should also be recorded the time, the reading of the 
attached thermometer, and the temperature of the external 
air. For uniformity, the mercurial readings should then be 
"reduced to 32° F." The form of notes for the mercurial 
barometer readings should be as follows : 



Time. 


Merc. 
Barom. 


Attached 
Therm. 


Reduction 
to32«F. 


External 
Therm. 


Corrected 
reading;. 


7:00 A.M. 
:16 
:30 
:46 


29.872 
.866 
.858 
.850 


72° 
73.6 
75 
76 


— .117 
.121 
.125 
.127 


73° 
75 
76 

77 


29.755 
.745 
.733 
.723 
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The corrections in column 4 are derived from Table XI by 
interpolatioQ. 

Before starting out, a reading of the aneroid shoidd be taken 
at headquarters coincident with a reading of the mercurial. 
The difference is one value of the correction to the aneroid. 
As soon as the aneroid is brought back another comparison of 
readings should be made. Even though there has been con- 
siderable rise or fall of pressure in the interval, the difference 
in readings (the correcticm) should be substantially the same 
provided the aneroid is a good instrument. If the difference, 
of elevation is excessive (as when climbing a high mountain) 
even the best aneroid will "lag" and not recover its normal 
reading for several hours, but this does not apply to such dif- 
ferences of elevation as are met with in railroad work. The 
best aneroids read directly to ^hf of an inch of mercury and 
may be estimated to y^ of an inch — ^which corresponds 
to about 0.9 foot difference^ of elevation. In the field there 
should be read, at each point whose elevation is desired, the 
aneroid, the time, and the temperature. These readings, cor- 
rected by the mean value of the correction between the aneroid 
and the mercurial, should then be combined with the reading 
of the mercurial (interpolated if necessary) for the times of 
the aneroid observations and the difference of elevation ob- 
tained. The field notes for the aneroid should be taken as 
shown in the first four columns of the tabular form. The " cor- 
rected aneroid" readings of colunm 6 are found by correcting 
the readings of coltunn 3 by the mean difference between the 
mercurial and aneroid when compared at morning and night. 
Colunm 6 is a copy of the "corrected readings" from the oflBice 
notes, interpolated when necessary for the proper time. Column 
7 is similarly obtained. Col. 8 is obtained from cols. 4 and 5^ 
and coL 9 from colsl 6 and 7, with the aid of Table XII. The 
correction for temperature (col. 11), which is g^ierally small 
unless the difference of elevation is large, is obtained with the 
aid of Table XIII. The elevations in Table XII are elevations 
above an assumed datiuu plane, where under the given atmos« 
pheric conditions the mercurial reading would be 30". Of 
course the position of this assumed plane changes with varying 
atmospheric conditions and so the elevations are to be con- 
sidered as relative and their difference taken. [See the author's 
^ Problems in the Use and Adjustment of Engineering In- 
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Time. 


Place. 


Aneroid. 


Therm. 


Corr. 
Aner. 


Corr. 
Merc. 


7-00 


Office 

saddle-back 
river cross. 


29.628 
29.662 
29.374 
29.548 


73'* 
72'* 
63« 
70« 




29.755 


7:10 
7:30 
7:50 


29.789 
29.601 
29.675 


29.748 
29.733 
29.720 



stmments," Prob. 22.] Important points should be observed 
more than once if possible. Such duplicate observations will be 
found to give surprisingly concordant results even when a 
general fluctuation of atmospheric pressure so modifies the 
tabulated readings that an agreement is not at first apparent. 
Variations of pressure produced by high winds, thundernstorms, 
etc., will generally vitiate possible accuracy by this method. 
By "headquarters" is meant any place whose elevation above 
any given datum is known and where the mercurial may be 
placed and observed while observations within a range of several 
miles are made with the aneroid. If necessary, the elevation of 
a new headquarters may be determined by the above method, 
but there should be if possible several independent observations 
whose accordance will give a fair idea of their acciuacy. 

The above method should be neither slighted nor used for 
more than it is worth. When properly used, the errors are 
compensating rather than cumulative. Wheaa. used, for example, 
to determine that a pass B is 260 feet higher than a determined 
bridge crossing at A which is six miles distant, and that another 
pass C is 310 feet higher than A and is ten miles distant, the 
figures, even with all necessary allowances for inaccuracy, will 
give an engineer a good idea as to the choice of route especially 
as affected by ruling grade. There is no comparison between 
the time and labor involved in obtaining the above information 
by barometric and by spirit-leveling methods, and for ream" 
ndsaance purposes the added accuracy of the spirit-leveling 
method is hardly worth its cost* 

8. Horizontal measurements, bearings, etc. When there is 
no map which may be depended on, or when only a skeleton 
map is obtainable, a rapid survey, sufficiently accurate for the 
purpose, may be made by using a pocket compass for bearings 
and a telemeter, odometer, or pedometer for distances. The 
telemeter [stadia] is more accurate, but it requires'a definite deav 
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(Risht-hand pact of Notes.) 



Temp, at 
headqu. 


Approx. 
fiekl read. 


Approx. 
headq.read. 


ms. 


Ck)rr. for 
temp. 


Diff. 
elev. 


76» 

76 

77 


192 
457 
297 


230 
244 
256 


- 38 
+213 
+ 41 


-(+ 2) 
+ ( + 10) 
+ (+ 2) 


— "Ito 

+223 
+ 43 



mght from station to station, which may be difficult through a 
wooded country. The odometer, which records the revolutions 
of a wheel of known circimiference, may be used even in rough 
and wooded country, and the results may be depended on to a 
small percentage. The pedometer (or pace-measurer) depends 
for its accuracy on the actual movement of the mechanism for 
each pace and on the uniformity of the pacing. Its results are 
necessarily rough and approximate, but it may be used to fill 
in some intermediate points in a large skeleton map. A hand- 
level is also useful in determining the relative elevation of various 
topographical features which may have some bearing on the 
proper location of the road. 

9. Importance of a good reconnoissance. The foregoing in- 
struments and methods should be considered only as aids in 
exercising an educated common sense, without which a proper 
location cannot be made. The reconnoissance survey should 
command the best talent and the greatest experience available. 
If the general route is properly chosen, a comparatively low 
order of engineering skill can fill in a location which will prove 
a paying railroad property ; but if the general route is so chosen 
that the ruling grades are high and the business obtained is small 
and subject to competition, no amount of perfection in detailed 
alignment or roadbed construction can make the road a profitable 
investment. 

PRELIMINARY SURVEYS. 

10. Character of survey. A preliminary railroad survey is 
properly a topographical survey of a belt of country which has 
been selected during the reconnoissance and within which it is 
estimated that the located line will lie. The width of this belt 
will depend on the character of the country. When a railroad 
is to foUow a river having very steep banks the choice of loca- 
tioQ is sometimes limited at places to a very few feet of width 
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and the belt to be surveyed may be correspondingly narrowed. 
In very flat country the desired width may be only limited by the 
ability to survey points with sufficient accuracy at a considerable 
distance from what may be called the "backbone line" of the 
survey. 

II. Cross-section method. This is the only feasible method 
in a wooded country, and is employed by many for all kinds 
of country. The backbone line is surveyed either by observ- 
ing magnetic bearings with a compass or by carrying forward 




Fio. 4. 



absolute azimuths with a transit. The compass method nas 
the disadvantages of limited accuracy and the possibility of 
considerable local error owing to local attraction. On the other 
*^And there are the advantages of greater simplicity, no necessity 
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for a back rodman, and the fact that the errors are purely 
local and not cumulative, and may be so limited, with care, that 
they wiU cause no vital error in the subsequent location survey. 
The transit method is essentially more accurate, but is liable 
to be more laborious and troublesome. If a large tree is en- 
countered, either it must be cut down or a troublesome opera- 
tioa of offsetting must be used. If the compass is employed 
under these circumstances, it neied only be set up on the far side 
of the tree and the former bearing produced. An error in 
reading a transit azimuth will be carried on throughout the 
survey. An error of only five minutes of arc will cause an off- 
set of nearly eight feet in a mile. Large azimuth errors may, 
however, be avoided by immediately checking each new azimuth 
with a needle reading. It is advisable to obtain true azimuth 
at the beginning of the survey by an observation on the sun* or 
Polaris, and to check the aumuths every few miles by azimuth 
observations. Distances along the backbone line should be 
measured with a chain or steel tape and stakes set every 100 
feet. When a course ends at a substation, as is usually the case, 
the remaining portion of the 100 feet should be measured along 
the next course. The level party should immediately obtain the 
elevations (to the nearest tenth of a foot) of all stations, and also 
of the lowest points of all streams crossed and even of dry gullies 
which would require culverts. 

12. Cross-sectioning. It is usually desirable to obtain con- 
tours at five-foot intervals This may readily be done by the 
use of a Locke level (which should be held on top of a simple 
five-foot stick), a tape, and a rod ton feet in length graduated 
to feet and tenths. The method of use may perhaps be best 
explained by an example. Let Fig. 5 represent a section per- 
pendicular to the survey line — ^such a section as would be made 
by the dotted lines in Fig. 4. C represents the station point. 
Its elevation as determined by the level is, say, 158.3 above 
datum. When the Locke level on its five-foot rod is placed at 
C, the level has an elevation of 163.3. Therefore when a point 
is found (as at a) where the level will read 3.3 on the rod, that 
point has an elevation of 160.0 and its distance from the center 
gives the position of the 160-foot contour. Leaving the long 
rod at that point (a), carry the level to some point (6) such that 
the level will sight at the top of the rod. b is then on the 165- 

* For detailed methods of such determinations, see the author's ' Problems 
In the Use and Adjustment of Engineering Instruments." Problems 35 and 36. 
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foot contour, and the hoHzorUal distance ab added to the hori- 
zontal distance ac gives the position of that contour from the 
center. The contours on the lower side are found similarly. 
The first rod reading will be 8.3, giving the 155-foot contour. 




Plot the results in a note-book which is ruled in quarter-inch 
squares, using a scale of 100 feet per inch in both directions. 
Plot the work up the page; then when looking ahead along the 
line, the work is properly oriented. When a contour crosses 




Fio. 6. 

the survey line, the place of crossing may be similarly deter- 
mined. If the ground flattens out so that five-foot contours are 
very far apart, the absolute elevations of pomts at even fifty- 
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foot distances from the center should be determined. Tht 
method « exceedingly rapid. Whatever error or inaccuracy 
.oceum is confined in its effect to the one btation where it occurs. 
The work being thus plotted in the field, unusually irregular 
topography may l>e plotted with greater certainty and no gri'at 
error can occur without detection. It would even be poMiible 
by this method to detect a gross error that might have been 
made by the level party 

t3« Stadia method. This method is best adapted to fairly 
open country where a "shot'* to any desired point may be 
taken without clearing. The backbone survey line is the same 
as in the previous method except that each course is limited to 
the practicable length of a stadia sight. The distance between 
stations should be checked by foresight and backsight — also the 
vertical angle. Aaimuths should be checked by the needle. 
Considering the vital importance of levehng on a railroad survey 
it might be considered desirable to run a line of levels over the 
stadia stations in order that the leveling may be as precise as 
possible; but when it is considered that a preliminary survey is 
a somewhat hasty survey of a route that maif be abandoned, and 
that the errors of leveling by the stadia method (which are con- 
pensating) may be so minimized that no proposed route would 
be abandoned on account of such small error, and that the effect 
of such an error may be easily neutralized by a slight change in 
the location, it may be seen that excessive care in the leveling 
of the preliminary survey is hardly justifiable. 

Since the students taking this work are assumed to be familiar 
with the methods of stadia topographical surveys, this part of 
the subject will not be further elaborated. 

14. *♦ First »♦ and ** Sscond " preliminary lunreys* Some engi- 
neers advocate two preliminary surveys. When this is done, 
Ihe first is a' very rapid survey, made perhaps with a compass, 
ai d is only a better grade of reconnoissance. ]ts aim is to 
rap dly develop the facts which will decide for or against any 
proposed route, so that if a route is found to bo unfavorable 
another more or less modified route may be adopted without 
having wasted considerable time in the survey of useless details. 
By this time the student should have grasped the fundamental 
idea that both the reconnoissance and preliminary surveys are 
not surveys of Hnes but of areas; that their aim is to survey 
only those topographical features which would have a deter- 
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14 RAILROAD CONSTRUCTION. § 15. 

mining influence on any nulroad line which might be constructed 
through that particular territory, and that the value of a locating 
engineer is largely measured by his ability to recognize those 
determining influences with the least amount of work from his 
surveying corps. Frequently too little time is spent on the 
comparative study of preliminary lines. A line will be hastily 
decided on after very little study; it will then be surveyed with 
minute detsdl and estimates carefully worked up, and the claims 
of any other suggested route will then be handicapped, if not 
disregarded, owing to an imwillingness to discredit and throw 
away a large amount of detailed surveying. The cost of two or 
three extra preliminary surveys (at critical sections and not over 
the whole line) is utterly insignificant compared with the prob- 
able improvement in the "operating value" of a line located 
after such a comparative study of preliminary lines. 

LOCATION SURVEYS. 

15. "Paper location." When the preliminary survey has 
been plotted to a scale of 200 feet per inch and the contours 
drawn in, a study may be made for the location smrey. Disre- 
garding for the present the effect on location of transition curves, 
the alignment may be said to consist of straight lines (or "tan- 
gents") and circular curves. The "paper location" therefore 
consists in plotting on the preliminary map a succession of 
straight lines which are tangent to the circular curves connect- 
ing them. The determining points should first be considered. 
Such points are the termini of the road, the lowest practicable 
point over a summit, a river-crossing, etc. So far as is possi- 
ble, having due regard to other considerations, the road should 
be a "surface" road, i.e., the cut and fill should be made as 
small as possible. The maximum permissible grade must also 
have been determined and duly considered. The method of 
location differs radically according as the lines joining the deter- 
mining points have a very low grade or have a grade that ap- 
proaches the maximima pem^ssible. With very low natural 
grades it is only necessary to strike a proper balance between 
the requirements for easy alignment and the avoidance of exces- 
sive earthwork. When the grade between two determined 
points approaches the maximum, a study of the location may be 
begun by finding a strictly surface line which will connect those 
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points with a line at the given grade. For example, suppose 
the required grade is 1.6% and that the contours are drawn at 
5-foot intervals It will require 312 feet of 1.6% grade to rise 
5 feet. Set a pair of dividers at 312 feet and step off this in- 
terval on successive contours. This line will in general be very 
irregular, but in an easy country it may lie fairly close to the 
proper location line, and even in difficult country such a surface 
line will assist greatly in selecting a suitable location. When the 
larger part of the line will evidently consist of tangents, the tan- 
gents should be first located and should then be connected by 
suitable curves. When the curves predominate, as they gener- 
ally will in mountainous country, and particularly when the line 
is purposely lengthened in order to reduce the grade, the curves 
should be plotted first and the tangents may then be drawn 
connecting them. Considering the ease with which such lines 
may be drawn on the preliminary map, it is frequently advisable, 
after making such a paper location, to begin all over, draw a 
new line over some specially difficult section and compare re- 
sults. Profiles of such lines may be readily drawn by noting their 
intersection with each contour crossed. Drawing on each profile 
the required grade line will furnish an approximate idea of the . 
comparative amount of earthwork required. After deciding on 
the paper location, the length of each tangent, the central angle 
(see § 21), and the radius of each curve should be measured as 
accurately as possible. Since a slight error made in such meas- 
urements, taken from a map with a scale of 200 feet per inch, 
would by accumulation cause serious discrepancies between the 
plotted location and the location as afterward surveyed in the 
field, frequent tie lines and angles should be determined between 
the plotted location line and the preliminary line, and the loca-i 
tion should be altered, as may prove necessary, by changing the 
length of a tangent or changing the central angle or radius of a 
curve, so that the agreement of the check-points will be suffi- 
ciently close. The errors of an inaccurate preliminary survey 
may thus be easily neutralized (see § 33). When the pre- 
liminary line has been properly run, its "backbone" line will 
lie very near the location line and will probably cross it at fre- 
quent intervals, thus rendering it easy to obtain short and nu- 
merous tie lines. 

i6. Surveying methods. A transit should be used for align- 
ment^ and only precise work is allowable. The transit stations 
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should be centered with tacks and should be tied to witness- 
stakes, which should be located outside of the range of the earth- 
work, so that they will neither be dug up nor covered up. All 
original property lines lying within the limits of the right of way 
should be surveyed with reference to the location line, so that 
the right-of-way agent may have a proper basis for settlement. 
When the property lines do not extend far outside of the re- 
quired right of way they are frequently surveyed completely. 

The leveler usually reads the target to the nearest thousandth 
of a foot on turning-points and bench-marks, but reads to the 
nearest tenth of a foot for the elevation of the ground at stations. 
Considering that -^-^^jf of a foot has an angular value of about 
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one second at a distance of 200 feet, and that one division of a level' 
bubble is usually about 30 seconds^ it may be seen that it is a 
useless refinement to read to thousandths unless corresponding 
care is taken in the use of the level. The leveler should also 
locate his bench-marks outside of the range of earthwork. A 
knob of rock protruding from the ground affords an excellent 
mark. A large nail, driven in the roots of a tree, which is not 
to be disturbed, is also a good mark. These marks should be 
clearly described in the note-book. The leveler should obtain 
the elevation of the ground at all station-points; also at all 
sudden breaks in the profile line, determining also the distance 
Of these breaks from the previous even station. This will in- 
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elude the position and elevation of all streams, and even dry 
^jullies, which are crossed 

Measurements should preferably be made with a steel tape, 
care being taken on steep ground to insure horizontal measure- 
ments. Stakes are set each 100 feet, and also at the beginning 
and end of all curves. Transit-points (sometimes called " plugs" 
or "hubs") should be driven flush with the ground, and a 
''witness-stake," having the "number " of the station, should 
be set three feet to the right. For example, the witness-stake 
might have on one side "137 + 69.92," and on the other side 
"PC4°R," which would signify that the transit hub is 69.92 
feet beyond station 137, or 13769.92 feet from the beginning of 
the line, and also that it is the "point of curve" of a "4° curve" 
which turns to the right. 

Alignment. The alignment is evidently a part of the loca- 
tion survey, but, o^ account of the magnitude and importance 
of the subject, it will be treated in a separate chapter. 

17. Form of Notes. Although the Form of Notes cannot be 
thoroughly understood until after curves are studied, it is here 
introduced as being the most convenient place. The right-hand 
page should have a sketch showing all roads, streams, and 
property lines crossed with the bearings of those lines. This 
should be drawn to a scale of 100 feet per inch — the quarter- 
inch squares which are usually ruled in note-books giving con- 
venient 25-foot spaces. This sketch will always be more or less 
distorted on curves, since the center line is always shown as 
straight regardless of curves. The station points ("Sta." in 
first column, left-hand page) should be placed opposite to their 
sketched positions, which means that even stations will be 
recorded on every fourth line. This allows three intermediate 
lines for substations, which is ordinarily more than suflficient. 
The notes should read up the page, so that the sketch will be 
properly oriented when looking ahead along the line The 
other columns on the left-hand page will be self-explanatory 
when the subject of curves is understood. If the "calculated 
bearings" are based on azimuthal observations, their agreement 
(or constant difference) with the needle readings will form a 
valuable check on the curve calculations and the instrumental 
work. 
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ALIGNMENT. 



In this chapter the alignment of the center line only of a 
pair of rails is considered. When a railroad is crossing a sum- 
piit in the grade line, although the horizontal projection of the 
alignment may be straight, the vertical projection will consist of 
two sloping lines joined by a curve. When a curve is on a 
grade, the center line is really a spiral, a curve of double curva- 
ture, although its horizontal projection is a circle. The center 
line therefore consists of straight lines and curves of single 
and double curvature. The simplest method of treating them 
is to consider their horizontal and vertical projections separately. 
In treating simple, compound, and transition curves, only the 
horizontal projections of those curves will be considered. 



SIMPLE CURVES. 

i8. Designatioii of curves. A curve may be designated either 
by its radius or by the angle subtended by a chord of unit 
length. Such an angle is known 
as the " degree of curve " and is 
indicated by D. Since the curves 
that are practically used have very 
long radii, it is generally impracti- 
cable to make any use of the actual 
center, and the curve is located 
without reference to it. If AB in. 
Fig. '4' represents a unit chord (C) 
of a curve of radius R, then by the 
above definition the angle AOB 
equals 2>. Then 




A0sinJD = iAB=iC7. 



FiQ. 7. 



yGoOg 



(1) 
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or, by inversion, 



19. 



(2) 



The unit chord is variously taken throughout the world as 
100 feet, 66 feet, and 20 meters. In the United States 100 
feet is invariably used as the unit chord length, and throughout 
this work it will be so considered. Table I has been computed 
on this basis. It gives the radius, with its logarithm, of all 
curves from a 0° 01' curve up to a 10° curve, varying by single 
minutes. The sharper curves, which are seldom used, are given 
with larger intervals. 

An approximate value of R may be readily found from the 
following simple rule^ which should be-memorized: 



R*^ 



5730 



Although such values are not mathematically correct, since R 
does not strictly vary inversely as D, yet the resulting value is 
within a tenth of one per cent for all commonly ua^d values 
of R, and is sufficiently close for many purposes, as will be 
shown later. 

19. Length of a aubdhord. Since it is impr^icable to 
measure along a curved arc, curves afe always measured by 
laying off 100-foot chord lengths. 
This means that the actual arc is 
always a little longer than the 
chord. It also means that a sw6- 
ehotd (a chord shorter than the unit 
length) will be a little longer than 
the ratio of the angles subtended 
^ would call for. The truth of this 
may be seen without calculation 
by noting that two equal sub* 
chords, each subtending the angle 
Fio. 8. JD, will evidently be slightly longer 

than 60 feet each. If c be the length of a subchord subtend- 
ing the angle d, then, as in Eq. 2, "" 

c 
"2R' 
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or, by ii>versi<Hi, 

c=27?pinid (3) 

'" d 
The rwmiiml length of a subchord = 100= For example, 

a nominal subchord of 40 feet will subtend an angle of tYjj ^^ 
Z>®; its true length will be slightly more than 40 feet, and may 
be computed by Eq. 3. The difference between the nominal 
and true lengthg is maximum when the subchord is about 57 
feet long, but with the low degrees of curvature ordinarily uaed 
the difference may be neglected. With a 10° curve and a 
nominal chord length of 60 feet, the true length is 60,049 feet. 
Very sharp curves should be laid off with 50-foot or even'^5- 
foot chords (nominal length). In such cases especially the true 
lengths of these subchords should be computed and used instead 
of the nominal lengths. 

20. Length of a curve. The length of a curve is always 
indicated by the quotient of lOOJ^D. If the quotient of 
I J-v-D is a whole number, the length as thus indicated is the-^ 
[ true length — measured in lOO-foot chord lengths. If it is an f 
\odd number or if the curve begins and ends with a subchord 
Keven though J-i-D is a whole number), theoretical accuracy 
^^quires that the true subchord lengths shall be used, although 
the difference may prove insignificant. The length of the arc 
(or the mean length of the two rails) is therefore always in 
vexcess of the length as given above. Ordinarily the amount 
*of this excess is of no practical importance. It simply adds an 
-►insignificant amount to the length of rail required. 

Example. Required the nominal and true lengths of a 
^3° 4*5' curve having a central angle of 17° 26'. First reduce, 
the degrees and minutes to decimals of a degree. (100 X 1 7° 25') 
-3° 45' = 1741.667-^3.75=464.444. The curve has four 100- 
foot chords and a nominal chord of 64.444 The true chord 
should be 64.451. The actual arc is 

J7°.4167 X j^ X /?= 464.527 

K'he excess is therefore 464^27 -464451 =0.076 foot. 
Vi, £}eqi«nt0 of a Qurve. Considering the line as ruwiing 
s \t ^ toward B, the beginning of the curve, a.t A, \a called 
^. mmM of carve iPC)- The other end of the curve, at B, is 
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called the point of 



tangency (PT). The intersection of the 
tangents is called the vertex (V). 
The angle made by the tangents 
at Vf which equals the angle 
made by the radii to the extrem- 
ities of the curve, is called the 
central angle (J). AV and BV, 
the two equal tangents from the 
vertex to the PC and PT, are 
called the tangent distances (T), 
The chord AB is called the long 
chord (LC). The intercept HO 
from the middle of the long 
chord to the middle of the arc 
is called the middle ordinate (M), 
^^^' ^' That part of the secant GV from 

the middle of the arc to the vertex is called the external distance 
(E). From the figure it is very easy to derive the following fre- 
quently used relations: 

T=12taniJ W , 

LC=2iEsin}J "(5T'' 

M=RvGr8\j (6K 

E=Re7LseciJ (7) 
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22. Relation between T, IE, and d. Join A and G in Fig. 9. ' 
The angle YAG^\A, since it is measured by one half of the/ 
arc AG between the secant and tangent. AGO=90**— ii. 



■ AY xVGw sin AGV : sin VAG; 
aia AGV =sm AGO == COS i J', 

T:E : icosJJ :siniJ; 
T^E cot ^J 



(8) 



The same relation may be obtained by dividing Eq. 4 by Eq. 
7, since tan a^exsec a=cot Ja. 

23. Elements of a 1° curve. From Eqs. 1 to 8 it is seen that 
the elements of a curve vary directly as R. It is also seen to 
be very nearly true that R varies inversely as D. If the ele-, 
ments of a 1° curve for various central angles are calculated an* 
tabulated, the elements of a curve of D° curvature may / 
approximately found by dividing by D the corresponding/ 
ments of a 1** curve having the same central an^Ie. Forj 
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central angles and low degrees of curvature the errors involved 
by the approximation are insignificant, and even for larger 
angles the errors are so small that for many purposes they may be 
disregarded 

In Table II is given- the value of the tangent distances, 
external distances, and long chords for a 1° curve for various 
central angles The student, should familiarize himself with the 
degree of approximation involved by solving a large number of 
cases under various conditions by the exact and by the approxi- 
mate methods, in order that he may know when the approxi- 
mate method is suflficiently exact for the intended purpose. 
The approximate method also gives a ready check on the 
exact method. 

24, Exercises, (a) What is the tangent distance of a 4° 20' 
curve having a central angle of 18° 24'? • 

(6) Given a 3° 30' curve and a central angle of 16° 20', how 
far will the curve pass from the vertex? [Use Eq. 7] 

(c) An 18° curve is to be laid off using 25-foot (nominal) 
chord lengths. What is the true length of the subchords? 

(d) Given two tangents making a central angle of 15° 24'. 
It is desired to connect these tangents by a curve which shall 
pass 16.2 feet from their intersection. How far down the 
tangent will the curve begin and what will be its radius? (Use 
Elq. 8 and then use Eq. 4 inverted.) 

25. Curve location by deflections. The angle between a 
secant and a tangent (or between two secants intersecting on an 
arc) is measured by one half of the intercepted arc. Beginning 
at the PC (A in Fig. 10), if the 
first chord is to be a full chord 
we may deflect an angle VAa 
(««i£>), and the point a, which is, 
100 feet from A, is a point on the 
curve. For the next station, b, 
deflect an additional angle bAa 
(s^£>) and, with one end of the 
tape at a, swing the other end 
imtil the 100-foot point is on the 
line Ab, The point b is then on 
the curve. If the final chord cB 
m a subchord, its additional defleo- Fio. 10. 

Hon iid) is something less than §D. The last deflection (BA TO '- 
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of course ^ J. It is particularly important, when a curve begins 
or ends with a subchord and the deflections are odd quantities, 
that the last additional deflection should be carefully com- 
puted and added to the previous deflection, to check the mathe- 
matical work by the agreement of this last computed deflec- 
tion with iJ. 

Example, Given a 3** 24' curve having a central angle of 
18*^22' and beginning at sta. 47 + 32, to compute the deflec- 
1 1 ions. The nominal length of curve is 18® 22' -f- 3° 24' -= 18.367 -*- 
3.40 « 5.402 stations or 540.2 feet. The curve therefore ends 
at sta. 52-1-72.2. The deflection for sta. 48 is iVo X i(3'' 24') 
-0.68 X 1^7 =*1°. 156 = 1° 09' nearly. For each additional 100 
feet it is 1° 42' additional. The final additional deflection for 
the final subchord of 72.2 feet is 

^Xi(3° 24') «r.2274 = r 14' nearly. 

The deflections are 

P. C . . . Sta. 47+32 O*' 

48 0® +1° 09' = 1° 09' 

49 r 09' + l® 42'=2° 51' 

50 2° 51'+ 1** 42' = 4° 33' 

51 4** 33' + 1*» 42'-6*^ 15' 

52 6° 15' + 1° 42'==7*» 57' 

P. T 52 + 72.2 7° 57' +J® 14'=9*' 11' 

As a check 9° ll' = }(18°22')-iJ. (See the Form of Notes 
in § 17.) 

26. Instrumental work. It is generally impracticable to 
locate more than 500 to 600 feet of a curve from one station. 
Obstructions will sometimes require that the transit be moved up 
every 200 or 300 feet. There are two methods of setting off 
the angles when the transit has been moved up from the PC. 

(a) The transit may be sighted at the previous transit station 
with a reading on the plates equal to the deflection angle from 
that station to the station occupied, but with the angle set off on 
the other side of 0°, so that when the telescope is turned to 0® it 
will sight along the tangent at the station occupied. Plunging 
the telescope, the forward stations may be set off by deflecting 
the proper deflections from the tangent at the station occupied 
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This is a very common method and, when the degree g[ ourva^ 
ture is an even number of degrees and when the transit is only 
set at even stations, there is but little objection to it. But the 
degree of curvature is sometimes an odd quantity, and the exi- 
gencies of difficult location frequently require that substations 
be occupied as transit stations. Method (a) will then require 
the recalculation of all deflections for each new station occupied. ' 
The mathematical work is largely increased and the probability 
of error is very greatly increased and not so easily detected. 
Method (6) is just as simple as method (a) even for the most 
simple cases, and for the more difficult cases just referred to the 
superiority is very great. 

(b) Calculate the deflection for each station and substation 
throughout the curve as though the whole curve were to be lo- 
cated from the PC, The computations 
may thus be completed and checked (as 
above) before beginning the instrumental 
work. If it unexpectedly becomes neces- 
sary to introduce a substation at any 
point, its deflection from the PC may be 
readily interpolated. The stations actually 
set from the PC are located as usual. 
Rule. When the transit is set on any 
forward station, backsight to any previous 
station with the plates set at the deflection 
angle for the station sighted at. Plimge J 
the telescope and sight at any forward 
station with the deflection angle originally 
computed for that station. When the 
plates read the deflection angle for the 
station occupied, the telescope is sighting 
along the tangent at that station — which 
is the method of getting the forward tan- 
gent when occupying the PT. Even though 
the station occupied is- an unexpected sub- 
station, when the instrument is properly 
oriented at that station, the angle reading 
for any station, forward or back, is that originally computed 
for it from the PC. In difficult work, where there are ob- 
structions, a valuable check on the accuracy may be found by 
sighting backward at any visible station and noting whether 
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its deflection agrees with that originally computed. As a 
numerical illustration, assume a 4° curve, with 28® curvature, 
with stations 0, 2, 4, and 7 occupied. After setting stations 
1 and 2, set up the transit at sta. 2 and backsight to sta. 
with the deflection for sta. 0, which is 0**. The reading on sta. 
1 is 2**; when the reading is 4° the telescope is tangent to 
the curve, and when sighting at 3 and 4 the deflections will be 
6** and 8**. Occupy 4; sight to 2 with a reading of 4°. When 
the reading is 8° the telescope is tangent to the curve and, by 
plunging the telescope, 5, 6, and 7 may be located with the 
originally computed deflections of 10**, 12°, and 14°. When oc- 
cupying 7 a backsight may be taken to any visible station with 
the plates reading the deflection for that station; then when 




Fio. 12. 



Fig. 13. 



^the plates read 14® the telescope will point along the forward 
tangent. 

The location of curves by deflection angles is the normal 
method. A few other methods, to be described, should be con- 
sidered as exceptional. 
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27. Curve location by two tranats. A curve might be located 
more or less on a swamp where accurate chaimng would be 
exceedingly difficult if not impossible. The long chord AB 
(Fig. 12) may be determined by triangulation or otherwise, 
and the elements of the curve computed, including (possibly) 
subchords at each end. The deflection from A and B to each 
point may be computed. A rodman may then be sent (by 
whatever means) to locate long stakes at points determined 
by the simultaneous sightings of the two transits. 

28. Curve location by tangential o£fsets. When a curve is 
very flat and no transit is at hand the following method may be 
used (see Fig. 13) : Produce the back tangent as far forward as 
necessary. Compute the ordinates Oa^^ 06', Oc^y etc., and the 
abscissae a'a^ 6'6, c'c, etc. If Oa is a full station (100 feet), then 



Oa'^Oa' -=.100 cos JD, also = RsinD; 

OV ^Oa'-^aV = 100 cos \D H- 100 cos ID, 

also =i^ sin 22); 
Oc'=Oa'+a'6'+6V = 100(cos iD+cos fD + cos f D), 

also = /J sin 3i>j 



etc. 



a' a =» 100 sin JD, also « U vers D ; 

Vh ^a'a^V'h - 100 sin \D + 100 sin \D, 

also = i^ vers 2Z); 
dc^Vh^-d'c -=100(sin JD+sin \D -f-sin {/)), 

also = /J vers 3i); 



(9) 



\ (10) 



etc. 

The fimctions JD, |D, etc., may be more conveniently used 
withotU logarithms, by adding the several natural trigonometrical 
functions and pointing off two decimal places. It may also be 
noted that Oh' (for example) is one half of the long chord for 
four stations; also that 6'6 is the middle ordinate for four 
stations. If the engineer is provided with tables giving the long 
chords and middle ordinates for various degrees of curvature, 
these quantities may be taken (perhaps by interpolation) from 
such tables. 

If the curve begins or ends at a substation, the angles and 
'^^ s will be correspondingly altered. The modifications may 
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be readily deduced on the same principles as above, and should 
be worked out a^S an exorcise by the student. 

In Table II are given the long chords for a V curve for various 
values of J, Dividing the value as given by the degree of the 
curve, we have an approximate value which is amply close for 
low degrees of curvature, especially for laying out curves with- 
out a transit. For example, given a 4° 30' curve, required the 
ordinate Oc\ This is evidently one half of a chord of six stations, 
with J =27°. Dividing 2676.1 (which is the long chord of a 
V curve with J =27°) by 4.5 we have 504.47; one half of this is 
the required ordinate, Oc/ =297.23. The exact value is 297.31, 
an excess of .08, or less than ,03 of 1%. The true values 
are always slightly in excess of the value as computed from 
Table II. 

Exercise, A 3° 40' curve begins at sta. 18 + 70 and runs to 
sta. 23 + 60. Required the tangential offsets and their corre- 
sponding ordinates. The first ordinate =30 cos i(i% >< ^^ 40') = 
30 X. 99995 =29.9985; the offset=30 sin 0° 33'=30X.0096 = 
0.288. For the second full station (sta. 20) the ordinate = 
J long chord for i =2(1° 06' + 3° 40') with D=3°40'. Divid- 
ing 476.12, from Table II, by 3J, we have 129.85. Otherwise, 
by Eq. 9, the ordinate =30 X cos 0° 33' + 100 cos (1° 06' + 1° 50') 
=30.00 + 99^7 = 129.87. The offset for sta. 20=30 sin 0° 33' + 
100 sin (I'' 06' + 1° 60') = 0.288 + 5.11^ = 5.41. Work out' 
similarly the ordinates and offsets for sta. 21, 22, 23, and 
23 + 60. 

29. Curve location bj middle ordinates. Take first the sim- 
pler case when the curve begins at an even station. If we con- 
sider (in Fig. 14) the curve produced back to z, the chord 2a =■ 
2X100 cos iD, i4'a = 100 cos iD, and A'A =am=zn=-lOO sin JD, 
Set off A A' perpendicular to the tangent and A 'a parallel to 
th^ tangent. , AA' =aa' =66' =cc', etc. = 100 sin JD. Set off 
aa' perpendicular to a^A, Produce Aa' until a'6=A'a, thus 
determining 6. Succeeding points of the curve may thus be 
determiWd indefinitely. 

Suppose the curve begins with a subchord. As before 
ra = Am' =(/• cos Jd', and rA =am'=c' sin Jd'. Also «gj=An'»» 
c"cosK', and «A=2yi'=c"8inJd'', ia which (d'+d")=2>. 
The points z and a being determined on the ground, aa' may ^ 
be computed and set off as before and the curve continued J^q. 
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full stations. A subchord at the end of the ourve may be located 
by a similar process. 

30. CuTTft location by offsets from the long chord. (Fig. 16.) 
Consider at once the general ease in which the curve commences 
with a subchord (curvature, ef), continues with one or more full 




Fka. 14. 



Fio. 15. 



^ords (curvature of each, D), and ends with a subchord with 
curvature df\ The numerical work consists in computing first 
AB, then the various abscissae and ordinates. AB*'2R sin }J. 



Aaf'^AaT -p' cos K^-d'); 

Ab'-Aa'+a'b* ( -c' cos K^-<i') + 100 cos K^-iW-D); 
ii«'-ila'+o'y+^-c' 008 K^-rf') + 100 cos Ki-2d'-Z)) 

+ 100cosKi-2<r-D)l 

^AB-Bd -2/1 sin ii-c* cos i(i -d'). 

t'd-a'a+mfr-c' flin i(i -d')-*- 100 SIB Ki -- W-Z)); 
^c -.^'fr^nft-p' iin i(4 -d')+ 100 sin ii4-2d' -D) 

-100Bmi(J-2df-D); 
abo -c* Bin K^ -<**). 



(11) 



(12) 



The abov« formuls are oonaderably i^mplified when tlie 
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curve begins and ends at even stations. When the curve is 
very long a regular law becomes very apparent in the formation 
of all terms between the first and last. There are too few terms 
in the above equations to show the law. 

31. Use and value of the above methods. The chief value 
of the above methods lies in the possibility of doing the work 
without a transit. The same principles are sometimes em- 
ployed, even when a transit is used, when obstacles prevent the* 
use of the normal method (see § 32, c). K the terminal tan- 
gents have already been accurately determined, these methods 
are useful to locate points of the curve when rigid accuracy is 
not essential. Track foremen frequently use such methods to 
lay out unimportant sidings, especially when the engineer and 
his transit are not at hand. Location by tangential offsets (or 
by offsets from the long chord) is to be preferred when the 
curve is flat (i.e., has a small central angle J) and there is no 
obstruction along the tangent, or long chord. Location by 
middle ordinates may be employed regardless of the length of 
the curve, and in cases when both the tangepts and the long 
chord are obstructed. The above methods are but samples 
of a large number of similar methods which have been devised. 
The choice of the particular method to be adopted must be 
determined by the local conditions. 

32. Obstacles to location. In this section will be given only 
a few of the principles involved in this 
class of problems, with illustrations. The 
engineer must decide, in each case, which 
is the best method to use. It is frequently 
advisable to devise a special solution f<5r 
some particular case. 

a. When the vertex is inaccessible. As 
shown in § 26, it is not absolutely essential 
that the vertex of a curve should be 
located on the ground. But it is very evi- 
dent that the angle between the terminal 
tangents is determined with far less prob- 
able error if it is measured by a single 
measurement at the vertex rather than as 
the result of numerous angle measurements 
Fig. 17. along the curve, involving several posi- 

tions of the transit and comparatively short sights. S^i^e- 
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times the location of the tangents is ahready determined on 
the ground (as by hn and am, Fig. 17), and it is required to 
join the tangents by a curve of given radius. Method. Measure 
ab and the angles Vha and haV. J is the sum of these angles. 
The distances hV and aV are computable from the above data. 
Given J and R, the tangent distances are computable, and then 
Bb and aA are found by subtracting bV and aV from the tan- 
gent distances. The curve may then be run from A, and the 
T7ork may be checked by noting whether the curve as run ends 
at B — previously located from b. 

Example. Assume a&»546 82; angle a » 15^ 18'; angle 
6 = 18** 22'; D-a** 40'; required aA and bB. 

J =. 16° 18' + 18*^ 22^ =33° 40' 

Eq.(4) R (3°400 3.19392 

tan iJ«tan 16° 50' 9.4808 

r-472.85 2.67472 

V /A 55-1?!^ ^ 2.73784 

* *^ "^ sin 33° 40' log sin 18° 22' 9 . 49844 

co-log sin 33° 40' 0.25621 

aF-310.81 2.49250 

A7«472.85 

oA -162.04 



hV /A55i^!ii' ^ 2.73784 

'''^" sin 33° 40' log sin 15° 18' 9.42136 

co-log sin 33° 40' 0.25621 

67«260.29 2.41545 

J5F-472.85 

65=212.56 



b. When the point of curve (or point of tangency) is inacces- 
sible. -At some distance (A«, Fig. 18) an unobstructed line pn 
may be run parallel with A 7. nv '^py —As =i2 vers a. 



.\ wers a^As-i-R, 

na«j>s— 22 sin 0* 
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At y, which is at a distance pa back from the computed posi- 
tion of A, make an offset 8 A 
to p. Run pn parallel to the 
tangent. A tangent to the 
curve at n makes an angle of a 
with np. From n the curve is 
run in as usual 

If the point of tangency is 
obstructed, a similar process, 
somewhat reversed, may be 
used, fi is that portion of J still 
to be laid off when m is reached. 

vers ^. 

c. When the central part of 
the curve is obstructed, a is the 
central angle between two points 
of the curve between which 

a chord may be run. a may equal any angle, but it is prefer- 
able that a should be a multiple 

of D, the degree of curve, and that 

the points m and n should be on 

even stations, mn =2/2 sin Ja. A 

point s may be located by an offset 

ka from the chord mn by a similar 

method to that outlined in § 30. 
The device of introducing the 

dotted curve mn having the same 

radius of curvature as the other, 

although neither necessary nor 

advisable in the case shown in 

Fig. 19, is sometimes the best 

method of Surveying around an 

obstacle. The offset from any point on the dotted curve to j 

the corresponding point on the true curve is twice the " ordinate ' 

to the long chord," as computed in § 30. 

33. Modifications of location. The following methods may 

be used in allowing for the discrepancies between the "paper 

location" based on a more or less rough preliminary survey and.^^^^ ^ 

the more accurate instrumental location. (See § 15.) They are ^^J 
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alao frequently used in locating new parallel tracks and modifj^ 
ing old tracks. 

a. To move the forward tangent parallel to itself a distance », 
the point of curve (a) remaining fixed. (Fig. 20.) 



F'A=BV=a/. 



FF' 



V'k 



sinhW Bin J' ' • 
The triangle BmB' is isosceles and Bm^B'm, 



R'-R^O'O^mB 

/. R'^R + 



B'r 



vers B^mB vers J' 



vers A' 



(13) 



(14) 



The solution is very similar in case the tangent is moved in- 
ward to Y"B". Note that this method necessarily changes the 
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radius. If the radius is not to be changed, the point of curve 
must be altered as follows: 

b. To move the forward tangent parallel to itself a distance a;, 
the radius being unchanged. (Fig. 21.) In this case the whole 
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curve is moved bodily a distance 00'«iiii'-7F'-BB', and 
moved parallel to the first tangent AY 

B'n ^ X 
sin A 



BB' 



'AAr 



(16) 



"sin nBB' 

c. To change the direction of the forward tangent at the point 
of tangency. (Fig. 22.) This problem involves a change (a) in 
the central angle and also requires a 
new radius. An error in the deter- 
mination of the central angle fur* 
nishes an occasion for its use. 
R, J, a, A V, and BV are known. 




Bs^R vers J, 



Bs^^R' Yera J'. 

vers J 



(16) 



Fxo. 22. 



vers (J —a)* 
As'^-R am J, A's'^R'eanJ\ 
.'. AA'^A's-As^R'mnJ'-RanJ. . . (17) 

The above solutions are given to illustrate a large class of 
problems which are constantly arising. All of the ordinary 
problems can be solved by the application of elementary geome- 
try and trigonometry, 

34. Limitations in location. It may be required to run a 
curve that shall join two given tangents and also pass through a 
given point The point (P, Fig. 
23) is assimied to be deter- 
mined by its distance (VP) 
from the vertex and by the 
angle A7P«^. 

It is required to determine 
the radius (R) and the tangent 
distance (AV), J is known. 
PVG ^iilSO"*- J) -fi 
«90<>-(JJ+/?). 
PP'^2VPsmPVG 
^2VPcoa(iJ+P). 

psv^y. 

sin ^4' 
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« Ji^^^rFP-?^+2FPcos(JJ+«1 
\ sini^L sin iJ J 

^p jsin'jg . 2 8inffcos(ii4^ 



sinjj 

« ^^[sm(i J +i5) + Vsm'^+28in/?smJ Jcos(i J 4-^]. (18) 

i2=A7 cot ii. 

In the special case in which P is on the median line OV, 
^«90**— iJ, and (JJ+^)«f90**. Eq. 18 then reduces to 

ilF=-^.(l +COS }J) -7P cot ii, 

sin i J 

as might have been immediately derived from Eq. 8. 

In case the point P is given by the offset PK and by the 
distance VK^ the triangle PKV may be readily solved, giving the 
distance VP and the angle p, and the remainder of the solution 
will be as above. 

35. Determination of the curvature of existing track, (a) Using 
a transit. Set up the transit at any point in the center of the 
track. Measure in each direction 100 feet to points also in the 
center of the track. Sight on one point with the plates at 0°. 
Plimge the telescope and sight at the other point. The angle 
between the chords equals the degree of curvature. 

(b) Using a tape and string. Stretch a string (say 50 feet 
long) between two points on the inside of the head of the outer 
rail. Measure the ordinate {x) between the middle of the string 
and the head of the rail. Then 

i^^—g^ (very nearly) (19) 

For, in Fig. 24, since the triangles AOE and ADC are similar, 
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AO :AE ::AD :DC or R^iAD'^x. When, aa Is usual, 
the arc is very short compared with the 
radius, Al>=:iAB, vexy nearly. Making 
this substitution we have Eq. 19. With a 
chord of 50 feet and a 10° curve, the result- 
ing difference in x is .0026 of an inch — far 
within the possible accuracy of such a 
method. The above method gives the 
radius of the inner head of the outer rail. 
It should be diminished by ig for the radius 
of the center of the track. With easy curvature, however, this 
will not affect the result by more than one or two tenths of one 
per cent. 

The inversion of this formula gives the required middle or- 
dinate for a rail on a given curve. For example, the middle 
ordinate of a 30-foot rail, bent for a 6° curve, is 

X =900-4- (8 X 955) = .118 foot ^ 1.4 inches. 



Fig. 24. 



Another much used rule is to require the foreman to have a 
string, knotted at the center, of such length that the middle 
ordinate, measured in inches, equals the degree of curve. To 
find that length, substitute (in Eq. 19) 5730 -f-D for H and 
D-i-l2 for X, Solving for chords we obtain chord ^61,8 feet. 
The rule is not theoretically exact, but, considering the uncertain 
stretching of the string, the error is insignificant. In fact, the 
distance usually given is 62 feet, which is close enough for all 
purposes for which such a method should be used, 

36, Problems. A systematic method of setting down the 
solution of a problem simpfifies the work. Logarithms should 
always be used, and all the work should be so set down that a 
revision of the work to find a supposed error may be readily 
done. The value of such systematic work will become more 
apparent as the problems become more complicated. The two 
solutions given below will illustrate such work. 

a. Given a 3° curve beginning at Sta, 27 + 60 and running 
to Sta. 32+45. Compute the ordinates and offsets used in 
locating the curve by tangential offsets. 

h. With the same data as above, compute the distances to 
locate the curve by offsets from the long chord. 

0. Assume that in Fig. 17 ab is meaeured as 217.6 feet, the 
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angle abV =17'' 42', and the angle 6aF=21^14'. Join the 
tangents by a 4? 30' curve. Determine bB and aA, 

d, Aasimie that in a case similar to Fig. 18 it waft noted 
that a distance (As) equal to 12 feet would clear the building. 
Aflsume that i«38®20' and that D-4°40'. Required the 
value oi a and the poi^tion of n. Solution: 

vers a=^s-5-iB As = 12 log=-l. 07918 

R (for 4° 40' curve) log «3.( 

a=3°Ql' log vers a-7.i 

n6«:j?sina. log {<in a =9. 14445 

log jg=» 3. 08923 
ng»171.27 log -2. 23369 

e. Assume that the forward tangent of a 3® 20' curve having 
a central angle of 16° 50' must be moved 3.62 feet inward, with- 
out altering the P.O. Required the change in radius. 

/. Given two tangents making an angle of 36* 18'. It is 
required to pass a curve through a point 93.2 feet from the 
vertex, the line frotn the vertex to the point making an angle 
of 42-^ 21' with the tangent. Required the radius and tangent 
distance SoltUion; Applying Eq, 18, we have 

2 log= 0.30103 

^-42° 21' logsin= 9.82844 

Ji = 18°09' log sin = 9.49346 

(y +}) =60° 30' log cos = 9.69234 

.20667 9.31527 

log sin^ ^=9.66688. . . . .45382 

2|9. 81987 66049 

9.90993....' .81271 

nat. sin 60° 30' 870B 

1.6830 log= 0.22610 

7P=93.2 log = 1.96941 

2.19551 

log sin y = 9.49346 

Tang, dist. A V =503 .36 log =« 2 70205 

log cot iJ»= » 10.48437 
i? = 1536.1 .log-= 3.18642 
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COMPOUND CfURVBS. 

37. Katiire and use. Compound curves are formed by a 
succession of two or more simple curves of different curvature. 
The curves must have a common tangent at the point of com- 
pound curvature {P. CO.), In mountainous regions there is 
frequently a necessity for compound curves having several 
changes of curvature. Such curves may be located separately 
as a succession of simple curves, but a combination of two 
simple curves has special properties which are worth investigat- 
ing and utilizing. In the following demonstrations R^ always 
represents the longer radius and Ri the shorter, no matter which 
succeeds the other. Ti is the tangent adjacent to the curve of 
shorter radius (i?i), and is invariably the shorter tangent. J^ is 
the central angle of the curve of radius i?i, but it may be greater 
or less than J, 

38. Mutual relations of the parts of a compound curve having 
two branches. In Fig. 25, AC and CB are the two branches of 




Fig. 25. 



the compound curve having radii of Ri and R^ and central angles 
of J I and ^2- Produce the arc AC to n so that AOin«= J. The 
chord Cn produced must intersect B, The line ns, parallel to C 
CO2, will intersect 50, so that Bs«=fin— OjOj^i?,— l^i. Draw 
Am perpendicular to Oiti, It will be parallel to Jik, 

Digitized by VnOOQlC 



§ 38. ALIGNMENT. 39 

Br =sn vers Bsn « (i^ —Ri) vers Jj ; 
mn=AOi vers AOjU =Ri vers J; 
iiife^AFsinAFib -TisinJ; 
il A; « ^m «= mn 4- n^ =» mn + Br . 
/. Ti sin J -Ui vers i + (Ba -^i) vers i,. . . (20) 
Similarly it may be shown that 

Tasin J =i23 vers J- (le, -leavers Jj. . . (21) 

The mutual relations of the elements of compound curves 

may be solved by these two equations. For example, assume 

the tangents as fixed (J therefore known) and that a curve of 

given radius Ri shall start from a given point at a distance Ti 

from the vertex, and that the curve shall continue through a 

given angle Jj. Required the other parts of the curve. From 

Eq. 20 we have 

„ -J jP, sin J—Ri vers J 

itj — /t« « -: . 

vers Jj 

... «,„ij. + ?>iLi^^RLZ5!li (22) 

^ * vers(J — Jj) ^ ' 

Tf may then be obtained from Eq. 21. 

As another problem, given the location of the two tangents, 
with the two tangent distances (thereby locating the PC and 
PT), and the central angle of each curve; required the two 
radii. Solving Eq. 20 for Ri, we have 



R,- 



Ti sin J—R2 vers J; 



vers J— vers Jj 

Similarly from Eq, 21 we may derive 

_ T2 sin J — i?2(vers J —vers Jj) '. 

* vers Jj 

Equating these, reducing, and solving for U„ we have 

Tj sin J vers Jj — T^ sin J (vers J — vers ig) /nox 

"^ ** vers J2 vers ^i — (vers J — vers Ji) (vers J — vers J2) 

Although the various elements may be chosen as above with 

considerable freedom, there are limitations. For example, in 

Eq. 22, since iZj is always greater than i?„ the term to be 

added to Ri must be essentially positive — i.e., Ti sin J must be 

greater than R^ vers J. This means that Ti>Ri . . , or that 
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Ti > Ri tan Ji, or that Ti is greater than the corresponding 
tangent on a simple curve. Similarly it may be shown that T^ 
is less than TB, ^^^ ^J or less than the corresponding tangent 
on a simple curve. Nevertheless Tj is always greater than T^. 
In the limiting case when i?,=7Ji, T, = Ti, and ^a^^i* 

39. Modifications of location. Some of these modifications 
may be solved by the methods used for simple curves. For 
example • 

a. It is desired to move the tangent VB, Fig. 26, parallel to 
itself to F'jB'. Run a new curve from the P.CC, which shall 
reach the new tangent at B', where the chord <^ the old curve 





Fio. 26. Fia. 27. 

intersects the new tangent. The solution is almost identical 
with that in § 33, a. 

b. Assume that it is desired to change the forward tangent 
(as above) but to retain the same radius. In Fig. 27 
(7?2 — i?,) cos J, =* Ojn ; 
(7?2-^i)cos Jj' =02 V. 
x^^O^n-O^'n' ^{Ri-ROicos J^-cos J^O. 



cos J2'=cos J 2 — 1 



-j-p— P (24) 

The P,C.C. is moved backward along the sharper curve an 
angular distance of J,' — J,««Ji — J/. 

In case the tangent is moved inward rather than outward, 
the solution will apply by transposing J2 ^^^ ^a'- Then we 
shall have 

cosJj'-cosJj+p-^ (26) 



Ri—Ri 
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The P,C.C, is then moved forward. 

c. Assume the same case as (b) except that the larger radius 
comes first and that the tangent adjacent to the smaller radius 
is moved. In Fig. 28 

(B,— -Ri) cos J, =^Oin; 
(/22~l?i)cosJ/=OiV. 

=(722— l?i)(cos ^/— cos Jj). 



cos J/=cosii + 



R2—R1 



(26) 




The P.C.C. is moved forward 
along the easier curve an angular 
distance of J/— Ji=*J,— J/. Fio. 28. 

In case the tangent is moved inward, transpose as before and 
we have 



cos Ji'=sC08 Ji- 



(27) 



R2—R1 ' 
The P,C.C. is moved backward 

d. Assimie that the radius of one curve is to be altered with- 
out changing either tangent. Assume conditions as in Fig. 29. 

For the diagrammatic solution 
assume that i?, is to be increased 
by OfS, Then, since R^' must 
pass through 0^ and extend be- 
yond Oi a distance OiS, the 
locus of the new center must lie 
on the arc drawn about Oj as 
center and with OS as radius. 
The locus of O2 is also given 
by a line 02^p parallel to BV 
and at a distance of Rt^ (equal 
to S,,,P.C.C,) from it. The 
new center is therefore at the 
intersection Oj'. An arc with ra- 
dius Rz^ will therefore be tangent 
at B* and tangent to the old 
Draw OxTi^ perpendicular to OjB, 
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With O2 as center draw the arc Oiin, and with O3' as center draw 
the arc OiWi'. mB^m'R'^Ri, 

.'. mn «= m'n' = (TB,' — R^ vers J,' = (-R2 — -'^i) vers Jj. 

/. vers J/ =^^0^ vers J,.. . . . (28) 

OiU = {R2 — Ri) sin J 2 ; 
Oin'=(/e2'-72i)sin J/. 
BB'=0y-0in = (R2'-'Ri) sin A^'-iR^-Rd sin ^2- (29^ 

This problem may be further modified by assuming that the 
radius of the curve is decreased rather than increased, or that 
the smaller radius follows the larger. The solution is similar 
and is suggested as a profitable exercise. 

It might also be assumed that, instead of making a given 
change in the radius R2, a given change BB' is to be made. Jj' 
and R2 are required. Eliminate R2 from Eqs. 28 and 29 
and solve the resulting equation for Jj'* Then determine R2 
by a suitable inversion of either Eq, 28 or 29. 

As in §§ 32 and 33, the above problems are but a few, although 
perhaps the most common, of the problems the engineer may 
meet with in compound curves. All of the ordinary problems 
may be solved by these and similar methods. 

40. Problems, a. Assume that the two tangents of a com- 
pound curve are to be 348 feet and 624 feet, and that 4^ =22'' 16' 
and J2 =28° 20'. Required the radii. 

[Ans, i?i =326.92; ;?2 = 1574.85.] 

b. A line crosses a valley by a compound curve which is first 
a 6° curve for 46° 30' and then a 9° 30' curve for 84° 16'. It is 
afterward decided that the last tangent should be 6 feet farther 
up the hill. What are the required changes? [Note. The 
second tangent is evidently moved outward. The solution cor- 
responds to that in the first part of § 39, c. The P.C.C. is 
moved forward 16.39 feet. If it is desired to know how far the 
P.T. is moved in the direction of the tangent (i.e., the projectwn 
of BB', Fig. 28, on F'5'), it may be found by observing that it 
is equal to nn' =(7^2— i^i) (sin Ji —sin J/). In this case it equals 
0.65 foot, which is very small because Jj is nearly 90°. The 
value of J2 (46° 30-) is not used, since the solution is independent 
of the value of J2. The student should learn to recognize 
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which quantities are mutually related and therefore essential 
to a solution, and which are independent and non-essential.] 



TRANSITION CURVES. 



V7 




41. Superelevation of the outer rail on curves. When a mass 
is moved in a circular path it requires a centripetal force to keep 
it moving in that path. By the principles of mechanics we I 
know that this force equals Gv^-i-gR, in which G is the weight, 
V the velocity in feet per second, g the acceleration of gravity in 
feet per second in a second, and R the radius of curvature. 
If the two rails of a curved track were laid on a level (trans- 
versely), this centripetal force could only be furnished by the 
pressure of the wheel-flanges against the rails. As this is very 
objectionable, the outer rail is elevated so that the reaction of 
the rails against the wheels shall 
contain a horizontal component 
equal to the required centripetal 
force. In Fig. 30, if ob represents 
the reaction, oc will represent the 
weight G, and ao will represent the 
required centripetal force. From 
similar triangles we may write 
sn : sm :: ao : oc. Call g = 32.17. 
Call l^=5730-^D, which is suffi- 
ciently accurate for this purpose (see 
§ 19). Call V =5280F-^3600, in which V is the velocity in miles 
per hour, mn is the distance between rail centers, which, for 
an 80-lb. rail and standard gauge, is 4.916 feet sm is slightly 
less than this. As an average value we may call it 4.900, which 
is its exact value when the superelevation is 4i inches. Calling 
»n=6, measured in feet, we have 

c-«m— =4 9--*i= 4.9X5280'F»i) 
" oc" ' gR G 32.17 X 3600* X5730'* 

e = .000057272J[> (30) 

It should be noticed that, according to this formula, the re- 
quired smpmhf^Aimi varies as the square of the velocity, which 
means that a change of velocity of only 10% would call for a 
change of sypefelevation of 21%. Since the velocities of trains 
over ea»^ road are axtremely variable, it is impossible to adopt 
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any superelevation which will fit all velocities even approx- 
imately. The above fact also shows why any over^tefinement 
in the calculations is useless and why the above approximations, 
which are really small, are amply justifiable. For example, the 
above formula contains the approximation that i2=5730-!-D. 
In the extreme case of a 10® curve the error involved would be 
about 1%. A change of about J of 1% in the velocity, or say 
from 40 to 40.2 miles per hour, would mean as much. The error 
in e due to the assumed constant value of sm is never more than 
a very small fraction of 1%. The rail-laying is not done closer 
than this The following tabular form is based on Eq. (30) : 

Stn>EE$3L?3VATION OP THE OUTER RAIL (iN FEET) FOR VARIOUS 
VELOCITIES AND DEGREES OF CURVATURE. 



Velocity in 
IVIiles pCr 


Degree of Curve. 


Hour. 


1« 


2" 


a** 


4« 


5" 


6** 


?• 


8* 


9<» 


10« 


30 
40 
50 
60 


.06 
.00 
.14 
.20 


.10 
.18 
.29 
.41 


.15 
.27 
.43 


.20 

r* 

.82 


.26 


.86 


-# 


-^ 


^ 


|.51 



42. Practical rules for superelevation. A much used rule for 
superelevation is to " elevate one half an inch for each degree of 
curvature." The rule is rational in that e in Eq. 30 varies 
directly as D. The above rule therefore agrees with EJq. 30 
when V is about 27 miles per hour. However applicable the 
rule may have been in the days of low velocities, the elevation 
thus computed is too small now. The rule to elevate one inch 
for each degree of curvature is also used and ig precisely similar 
in its nature to the above rule. It agrees with Eq. 30 when 
the velocity is about 38 miles per hour, which is more nearly 
the average speed of trains. 

Another (and better) rule is to "elevate for the speed of the 
fastest trains." This rule is further justified by the fact that a 
four-wheeled truck, having two parallel axles, will always tend 
to run to the outer rail and will require considerable flange pres- 
sure to guide it along the curve. The effect of an excess of super- 
elevation on the slower trains will only be to relieve this flange 
pressure somewhat. This rule is coupled with the limitation 
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that the elevation should never ejceeed a limit of six inoheiH- 
sometimes eight inches. This limitation implies that locomo- 
tive engineers must reduce the speed of fast trains around sharp 
curves imtil the speed does not exceed that for which the actu^ 
superelevation used is suitable. The heavy line in the tabular 
form (§ 41) shows the sjx-ineh limitation. 

Some roads furnish their track foremen with a list of the super- 
elevations to be used on each curve in their sections. This 
method has the advantage that each location may be separately 
studied, and the proper velocity, as affected by local conditions 
(eg,, proximity to a stopping-place for all trains), may be de- 
termined and implied. 

Another method is to allow the foremen to determine the 
superelevation for each curve by a silnple measurement taken 
at the curve. The rule is developed as follows: By an inversion 
of Ekj. 19 we have 

• x-=chord^-T-SR. ....*. (31) 

Putting a; I equal to e in Eq. 30 and solving for *^cfu>rd/* we 
have t 



chord ? « .(m0572l^DFR 

' =2.621 7^ ; 
dbrd = 1.62F. . . . 



(32) 



To apply the rule, assume that 50 miles per hour is fixed as 
the velocity from which the superelevation is to be computed. 
Then 1.62F = 1.62X50 =81 feet, which is the distance given to 
the trackmen. Stretch a tape (or even a string) with a length 
of 81, feet between two points on the concave side of the head of 
cither the inner or the outer rail. The ordinate at the middle 
point then equals the superelevation. The values of this chord 
length for varying velocities are given in the accompanying 
tabular form. 



Velocity in miles per hour. . 
Chord length in feet 



30 
32.4 



25 

40.6 



30 

48.6 



56.7 



40 
64.8 



45 50 
72.9 81.0 



55 60 
89.197.3 



The following tabular form shows the standard (at one time) 
on the N. Y., N. H. & H. R. R. It should be noted that the 
elevations do not increase proportionately with the radigs, and 
that tlv^y flxe higher for descending grades than for level or 
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ascending grades. This is on the basis that the velocity on curves 
and on ascending grades will be less than on descending grades. 
For example, the superelevation for a 0° 30' curve on a de- 
scending grade corresponds to a velocity of about 54 miles per 
hour, while for a 4° curve on a level or iascending grade the super- 
elevation corresponds to a velocity of only about 38 miles per 
hour. 



TABLE OP THE SUPERELEVATION OF THE OUTER RAIL ON CURVES., 
N. Y., N. H. dE H. R. R. 



Degree of 


Level or as- 


Descending 


curve. 


cending grade. 


grade. 




inches. 


inches. 


0* 30' 


Oi 


1 


1 00 


li 


1* 


1 15 


2 


1 30 


2 


2i 


1 45 


ox 


2i 


2 00 


2f 


2f 


2 15 


2 


3 


2 30 


21 


3} 


2 45 


3 


3| 


3 00 


3i 


3 


3 15 


3 


3} 


3 30 


3 


4 


3 45 

4 00 


31 
4 


4i 
4i 



43. Transition from level to inclined track. On curves the 
track is inclined transversely ; on tangents it is level. The tran- 
sition from one condition to the other must be made gradually. 
If there is no transition curve, there must be either inclined 
track on the tangent or insufficiently inclined track on the curve 
or both. Sometimes the full sujjerelevation is continued through 
the total length of the curve and the " run-off" (having a length 
of 100 to 400 feet) is located entirely on the tangents at each 
end. In other practice it is located partly on the tangent and 
paitly on the curve. Whatever the method, the superelevation 
is correct at only one point of the run-off. At all other points 
it is too great or too small. This (and other causes) produces 
objectionable lurches and resistances when entering and leav- 
ing curves. The object of transition curves is to obviate these 
resistances. 

On the lichigh Valley R. R, the run-off is made in the form 
of a reversed vertical curve, as shown in the accompanying 
figure. According to this system the length of run-off varies 
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from 120 feet, for a superelevation of one inch, to 450 feet, 
for a superelevation of « ten inches. Such a superelevati<m 
as ten inches is very unusual practice, but is successfully 
operated on that road. The curve is concave upward for two- 
thirds of its length and then reverses so that it is convex upward. 

TABLE FOR RUN-OFF OF ELEVATION OF OUTER RAIL OF CURVES. 
Drop in inches for each 30-foot rail commencing at theoretical point of curve. 



Il 


♦' 


i' 


r 


y 


V 


r 


V 


1' 


IV 


IV 


IV 


1' 


V 


V 


V 


V 


V 


V 


... 


A' 


1 












































H 


1" 




30 


30 






























30 




30 




120 


2" 




30 








30 




















30 


30 






30 




160 


?r 




30 








30 














30 




30 




30 






30 




180 


A" 




30 




30 






30 












30 




30 


30 


, , 


30 




m 




240 


5" 




30 




30 








30 








30 




30 


30 


30 




30 




30 




270 


6" 




30 




30 






30 




30 






30 




30 


30 


30 




30 




30 




300 


7" 




30 




30 






30 




30 




30 


30 




30 


30 




30 


30 




30 




330 


8' 




30 




30 




30 






30 


30 


30 


30 




30 


30 




30 




30 




30 


360 


«y 


30 






30 




30 




30 


30 




30 


30 


30 


30 


30 


30 


30 




30 




30 


420 


10* 


30.. 


30 




30 






30 


30 


30 


30 


30 


30 


30 


30 


30 


30 




30 




30 


450 



Drop 




The figure (and also the lower line of the tabulated form) 
shows the drop for each thirty-foot rail length. For shorter 
lengths of run-off, the drop for each 30 feet is shown by the cor- 
responding lines in the tabular form. Note in each horizontal 
line that the sum of the drops, imder which 30 is found, equals 
the total superelevation as found in the first column. For 
example, for 4 inches superelevation, length of curve 240 feet, 
the successive drops are i", J", y\ J", f", J", i", and i" 
whose sum is 4 inches. Possibly the more convenient form 
would be to indicate for each 30-foot point the actual super- 
elevation of the outer rail, which would be for the above case 
(running from the tangent to the curve) i", |", J", IJ", 2|", 
Si", 31", 4". 
44. Fundamental princi^e of transition curves. If a curve 
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has variable curvature, beginning at the tangent with a curve 
of infinite radius, and the curvature gradually sharpens until it 
equals the curvature of the required simple curve and there 
becomes tangent to it, the superelevation of such a transition 
curve may begin at zero at the tangent, gradually increase to 
the required superelevation for the simple curve, and yet have 
at every point the superelevation required by the curvature at 
|that point. Since in Eq. (30) e is directly proportional to 2), 
the required curve must be one in which the degree of curve 
incfeases directly as the distance along the curve. The mathe- 
matical development of such a curve is quite complicated. It 
has, however, been developed, and tables have been computed for 
its use, by Prof. 0. L. Crandall. The following method has the 
$dvantage of great simplicity, while its agreement with the true 
transition curve is as close as need be, as will be shown. 

45. Multiform compound curves. If the transition curve com- 
mences with a very flat curve and at regular even chord lengths 
compounds into a curve of sharper curvature until the desired 
curvature is reached, the increase in curvature at each chord 
point being uniform, it is plain that such a curve is a close ap- 
proximation to the true spiral, especially since the rails as laid 
will gradually change their curvature rather than maintain a 
uniform curvature throughout each chord length and then 
abruptly change the curvature at the chord points. Such a 
curve, as actually laid, will be a much closer approximation 
to the irue curve than the multiform compound curve by which 
it is set out. There will actually be a gradual increase in curva- 
ture which increases directly as the length of the curve. 

46. Required length of spiral. The required length of spiral 
evidently depends on the amount of superelevation to be gained. 
And also depends somewhat on the speed. .If the spiral is laid 
off in 25-foot chord lengths, with the first chord subtending a 1** 
curve, the second a 2° curve, etc., the fifth chord will subtend 
a 6° curve, and the increase from this last chord to a Q^ curve 
is the same as the uniform increase of curvature between the 
chords. The same spiral extended would run on to a 12^ curve 
in (12— 1)25»275 feet. The last chord of a spiral should have 
a onaller degree of curvature than the simple curve to which it 
is joined. If the curves are very sharp, such as are used in street 
work and even in suburban trolley work, an increase in degree 
of curvature of 1^ per 25 feet Will not be stiffioiently rapid, as 
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dtteh a «te would require too long curves* 2®, 10**, or even 20® 
inerefl^ pef 26 ffe^ mAy be necessary, but then the chords 
itould be reduced to 5 feet/ Such 
a rapid rate of increase is justified 
by the necessary reduction in 
speed. On the other hand, very 
high speed will make a lower rate 
of increase desirable, and there- 
fore a spiral whose degree of cur- 
vature increases only 0° 30' per 25 
ieet may be used. Such a spiral 
would require a length of 375 feet 
to run on to an 8° curve, which is 
inconveniently long, but it might 
be used to run on to a 4? curv^e, 
where its length would be only 175 
feet. Three spirals have been de- 
veloped in Table IV, each with 
chords of 25 feet, the rate of in- 
crease in the degree of curvature 
being 0° 30', 1° and 2° per chord. 
One of these will be suitable for 
any curvature found on ordinary 
steam-railroads. 

47. To find the ordinates of a 
i°-per-25-feet spiral. Since the ^'°- ^l- 

first chord subtends a 1° curve, its central angle is 0° 15' and the 
angle aQV (Fig. 31) is 7' 30". The tangent At a makes an 
angle of 15' with VQ. The angle between the chord ba and the 
tangent at a is i(30')=15', and the angle 6a6" «= i(30') + 15' 
«30'. Similarly 

the angle cbc"' = i(45') + 30' + 16' =67' 30" « 1° 07' 30", 
and the angle rfcd" =2° 0'. 

The ordinate aa'= 25 sin 7' 30", and 
Oa'=25cos7'30". 
06'=ea'+a'6' 

«25(cos 7' 30"+ cos 30'). 

«26 (sin 7' 80" + sin 30'). 
Similarly the ordinates of c, d^ etc.^ may be obtained. 
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48. To find the deflections from any point of the spiraL 
aQF=r 30". Tan 6QF=66'-^Q6'; tan cQV^cc'^Qc'; etc. 
Thus we arc enabled to find the defiection angles from the tan- 
gent at Q to any point of the spiral. 

The tangent to the curve at c (Fig. 32) makes aiL angle of 
V 




Fio. 32. 
1^30' with QV, or cmF = l°30'. Qcm^cmV-cQm. The 
value of cQm is known from previous work. The defiection 
from c to then becomes known. 

acm^cmV —cap^'CmV —caq—qap, caq is the deflection an- 
gle to c from the tangent at a and will have been previously 
computed numerically. qap = 15', acm therefore becomes 
known. 

6cm=Jof45'=22'30"; 
dcn-J of 60' -30'. 

Digitized by VnOOQlC 



§49. 



ALIGNMENT. 



51 



ecn^ecd"-ncd", ncd^^cmV, tan ecd"-(cc'-d"d')-5-Ce', all 
of which are known from the previous work. 
By this method the deflections from the tangent at any point 




/// 






-|~4A-v 



FiQ, 33. 

of the curve to any other point are determinable. These values 
are compiled in Table IV The corresponding values of these 
angles when the increase in the degree of curvature per chord 
length is 30', and when it is 2°, are also given in Table IV. 

49. C6nnection of spiral with circular curve and with tangent. 
See Fig. 33.* Let A V and BV he the tangents to be connected 



* The student should at once appreciate the fact of the necessary distor- 
tion of the figure. The distance MM' in Fig. 33 is perhaps 100 times its real 
proportional value. 
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by a D® curve, having a suitable spiral at each end. If no 
spirals were to be used, the problem would be solved as in simple 
curves giving the curve AMB Introducing the spiral has the 
effect of throwing the curve away from the vertex a distance 
MM' and reducing the central angle of the /)° curve by 2<f). 
Continuing the curve beyond Z and Z' to A' and B\ we will 
have AA' = BB''=MM\ ZK = the x ordinate and is therefore 
known. Call MM' =--m. A'N =x—Rvers <{), Then 



m-M3f'-4A'-^=i^^^. (33) 

COS i4 cos i J 



NA ^AA' sin \A^{x — R vers <^) tan }J, 

VQ-^QK-Kf^ \NA-^AV 

^y—R sin <l>\-{x—R vers <^) tan JJ + TJ tan J J 

=?/— /^sin ^+a; tan JJ-}-J?cos ^tani^ (34) 

When A'N ha^ already been computed, it may be more con- 
venient to write 



yQ=2,4-7e(tanii-sin^)+A'A^tan Ji (35) 



VM'^VM^MM' 

\ 

_ w , a; R vers «^ .«^v 

— i^exseciiH ^-7 r-j^ wo) 

^ cos ii cos i J 



=2/-7?sin ^f (x-i2 vers ^) tan §J (37) 

» 
A method of obtaining the necessary dimensions using tables, 
is given in § 53a. 

Example. To join two tangents making an angle of 34° 20' 
by a 5® 40' curve and suitable spirals. Use l°-per-25-feet spirals 
with five chords. Then ^=3° 45', «-- 2.999. ii«17° 10', ^nd 
^=124.942. 
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R 


8.00497 




vers^ 


7 33063 


2.166 




0.33560 


rr- 2 999 






il'iV« 0.833 




9.92064 




cos Ji 


9.98021 


m^MM'^AA' « 0.872 




9.94045 




R - 


3.00497 


exsecji 


8.66863 


Fi»f=47.164 




1.67360 


m-= 0.872 






Vi»f'*»48.036 






y = 124 . 942 nat. tanU = 


=.30891 




nat. sin ^ = 


=.06540 






.24351 


9.38651 




R 


3.00497 


246.314 - 


A'N 


2.3914§ 


[See above] 


9.92064 




taniJ 


9.48984 


0.257 


AN 


9.41048. 


y0*«371.513 






R 


3.00497 




tan J J 


9.48984 


312 471 


AV 


2.49481 



[Eq. 37] 



AQ= 59.042 

50. Field-work. When the spiral is designed during the 
original location, the tangent distance VQ should be computed 
and the point Q located. It is hardly necessary to locate all of 
the points of the spiral until the track is to be laid. The ex- 
tremities should be located, and as there will usually be one 
and perhapii two full station points on the spiral, these should 
also be located. Z may be located by setting off QK=^y and 
KZ=x, or else by the tabular deflection for Z from Q and the 
distance ZQ, which is the long chord. Setting up the instrument 
at Z and sighting back at Q with the proper deflection, the tan- 
gent at Z may be found and the cir<;ular curve located as usual, 
its central angle being i— 2^. A similar operation will locate 
(y from Z\ 

To locate poiats oa the i piri^ Bet up at Q, with the platea 
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reading 0^ when the telescope sights along VQ, Set off from 
Q the deflections given in Table IV for the instrument at Q, 
using a chord length of 25 feet, the process being like the method 
for simple curves except that the deflections are irregular. If 
a full station-point occurs within the spiral, interpolate between 
the deflections for the adjacent spiral-points. For example, 
a spiral begins at Sta. 56 + 15. Sta. 57 comes 10 feet beyond 
the third spiral point. The deflection for the third point is 
35' 0"; for the fourth it is 56' 15". iJ of the difference 
(21' 15") is 8' 30"; the deflection for Sta. 57 is therefore 43' 30". 
This method is not theoretically accurate, but the error is small. 
Arriving at Z, the forward alignment may be obtained by sight- 
ing back at Q (or at any other point) with the given deflection 




Fio. 34. 

for that point from the station occupied. Then when the plates 
read 0** the telescope will be tangent to the spiral and to the 
succeeding curve. All rear points should be checked from Z. 
If it is necessary to occupy an intermediate station, use the de- 
flections Kiven for that station, orienting as just explained for Z, 
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checking the back points and locating all forward points up to Z 
if possible. 

After the center curve has been located and Z' is reached, the 
other spiral must be located but in reverae order, i.e., the sharp 
cu.vature of the spiral is at Z' and the curvature decreases 
toward Q\ 

51. To replace a simple curve by a curve with spirals. This 
may be done by the method of § 49, but it involves shifting the 
whole track a distiincc m, which in the given example equals 
0.87 foot- Besides this the track is appreciably shortened, 
which would require rail-cutting. But the track may be kept 
at practically the same length and the lateral deviation from the 
old track may be made very small by slightly sharpening the 
curvature of the old track, moving the new curve so that it is 
wholly or partially outside of the old curve, the remainder of it 
with the spirals being inside of the old curve. It is found by 
experience that a decrease in radius of from 1% to 5% will 
answer the purpose. The larger the central angle the less the 
change. The solution is as indicated in Fig. 34. 

0'iV=K'cos^4x. 
0'K=O'iV seel J 

= R' cos 4> sec J J -\-x sec Ji. 

^RexseciJ-^O'V-R') 

r=R exsec iJ—R' cos ^ sec }i —x sec J J +iJ'. . . . (38) 
AQ^QK-KN + NV-VA 

^y—R^ sin <f> + (R' cos <l>+x) tan iJ—R tan i4 

=i/-iJ' sin0 + iJ'cos0tan}J-(i?~x) tanii. . . (39) 

A 

The length of the old curve from Q to Q' -2>1 Q + 100--. 

The length of the new curve from to Q'=2L+100-^7^, 

in which L is the length of each spiral. 

Example. Suppose the old curve is a 7^30^ curve with a 
central angle of 38^ 40^. As a trial, compute the relative length 
of a new 8** curve with spirals of seven chords. ^— 7°0'; 
}J-19**20'; R (for the 7<* 30' curve) -764.489; R' (for the 
8^ curve) -.7161.779; a; -7,628. 
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45.687 1.6SP7ft 

fi^" 716. 779 == 

762.466 /J' 2.85535 

cos^ 0.09676 

Bpcfi O.Q^5?l 

763.963 ^.87734 

^ P.88?41 

c se*^^ 0. 0^521 

8.084 0.60763 

762.037 762.037 

m^ 0.429 

rpq,p9l i^-W.722 «' ?. 35635 

sin^ 9.08589 

87.353 1.94128 

K' 2.8553§ 

CQ8# e. 99675 

tan id 9.54512 

24P.6Q9 r . . t . t . t . . . 2.3972? 

X-764.4§9 
g» 7.628 

TSOTl 2.8790T 

tfrn ii Q 5451^ 

265.543 2.42413 

424.328 352.896 
352.896 
^Q-71.432 



The length of the old curve from Q to Q' is 

100- -100?^^ - 615.656 

249 « 2 X. 71. 432 -^ ....... 142.864 

658.420 
New curve: 100-^ - 100 38.667^- U.OOQ , 3^3 333 

2L «? 2 X 175 - 350.000 

658.338 658.333 
Difference in length — 0.087 

Considering that tl)is 4i?6r^i^^ ip^y ))p 4iyul^4 ^fT^PM ^^ 
joints (using 30-foot rails) no rail-cutting would be necessary. 
If the difference is top l^rge, ^ ^Ugbt variatiQ?^ in thp yalue of 
the new radius R^ will reduce the difference as much as neces- 
sary. A truer comparison of the lengths would be found by 
comparing the lengths of the arcs. 

52. Application of transitlMi corves to compoun4 curves. 
Since compound curves are only employed when the location is 
limited by local conditions, the elements of the compound eupve 
should be determined (as in §§ 3S and 89) segaidleeQ of the 
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tnM^ticm ^wy^, dfipmditkg on tba fact that ihc^ l»tonJ ihlfting 
oi the euFye wb^ tranwtioa curvea atq mtroduced ia very «ma}U 
If the limltatioQJi «fq very dQ0e> «A 9«timated aUowance may bo 
made for them. 

Metho(te have been devised for inaerting traoaiticm curves 
betweei^ the hraq^iies of a eompouod curve, but the device ia 




TiQ. 35, 



complicated and usually needless, since when the traii^ {9 O|ic0 
on a curve the wheds press against the outer rail steadily and 
a change in curvature will not produce a serious jar even though 
t^ 9up^relev^ttpn ia temporarily a little mo?^ or less than it 
should be. 
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If the easier curve of the compound curve is less than 3® or 
4?, there may be no need for a transition curve off from that 
branch. This problem then has two cases according as transition 
ciu^es are used at both ends or at one end only. 

a. With transition curves at both ends. Adopting the method 
of § 49, calling J^ = J J, we may compute m^ ^MM^\ Similarly, 
calling J3 = JJ, we may compute m^^MMi. But 3f/ and 3f/ 
must be made to coincide. This may be done by moving the 
curve Z'3f / and its transition curve parallel to Q'F a distance 
Ml Mi, and the other curve parallel to QV a distance Mz'M^, 
In the triangle M/M3M2', the angle at 3f/s=90®— J„ the angle 
at Af,'« 90^-^3, and the angle at M^=-J. 



rrx. ar/nr i>r / «r / ^JH (90° — ^2) / .COS J 2 

Then M/M^ ^M/Mj ^. — . — - = (w. — m,) -; — ~. 

* Bin J * sm i 

a- -1 1 nr fujf i>r ^i>r /Sin (90° — ii) , . COS Jj 

Similarly 3f ,'3/ , =3f /3f 3' ^^ — '-^ = (m^ -mjy^r^. 



(40) 



b. With a transition curve on the sharper curve only. Com- 
pute mi=ilfM/ as before; then move the curve ZiMi parallel 
to O'F a distance of 

M,'M,^m,'^^J (41) 

The simple curve MA is moved parallel to VA a distance of 

MM.^m,^-^. ...... (42) 

* * sm J 

If Jj and J2 are both small, ikf/ilf 4 and Afilf 4 may be more 
than w„ but the lateral deviation of the new curve from the old 
will always be less than Wi. 

53. To replace a compound curve by a curve with spirals. 
The numerical illustration given below employs another method. 
We first solve for Wj for the sharper branch of the curve, plac- 
ing ii=i^ in Eq. 38. A value for R^' may be foimd whose 
corresponding value of m, will equal m^. Solving Eq. 38 for B% 
we obtain 



y^gversji-mcosH-^, . . . (43) 
cos ^— COS i4 
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Substituting in this equation the known value of Wj ( «=m,) 

and calling R'^-Ri', R^Rt, and J2=i^, solve for i^,'. Obtain 
the value of AQ for each branch of the curve separately by Eq. 
39, and compare the lengths of the old and new lines. 

Example. Assume a compound curve with Di=8**, D2^4?, 
J, =36°, and ^2=33°. Use l°-per-25-feet spirals; ^i-7**0'; 
^j = 1^ 30'. Assiune that the sharper curve is sharpened from 
8° C to 8° 12'. 

[£q.38] Ri 2.8553$ 

exsec 36*» 9.37303 

169.209 2.22842 

g/^699.326 ^-^^^ 

868.535 «J. 9.99675 

^2\ 0.09204 

857.970 2.93347 

a., 0.88241 

9.429 0.97445 

867.399 867.399 
mi- 1.136 

[Eq.43] «j 3.15615 

vers 32* 9.18170 

217.700 2.33785 

^,.1 136 0.05538 

'co8 322 9-92842 

0.963 9.98380 

g2— 0.763 

1.726 1.726 _-__- 

215.974 2.33440 

nat.cos ^ —.99966 
nat. cos i2- '84805 

.15161 9.18073 

B2'-1424.54 [4«»1'22^ 3.15367 

[Bq.39] 1/1-174.722 ^^, jT^^^gg 

sin <h 9.08585 

85.226 1.9305? 

Rj' 2.84468 

cos^ 9.99675 

tanii[ii-36*'] 9.86126 

604.302 2.70269 

/Ji- 716. 779 
xi" 7.628 

709.151 2.85071 

tanii 9.86126 

679.024 rZTZA 

600.461 515.235 2.71200 

iiCi- 78.563 600.461 
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80 RAILROAD CONSTRUCTION. § 53. 

[Eq. 39] «/ 3.1fi36? 

. va'" 74.994 sin ^ 8. 41792 

37.290 1.57159 

\B/^ 3.15307 

C08 02 9 . 99985 

tan *i(i2-32°) 9.79579 

889.843j 2.9'»9^ 

»j- 1432. 69 
xa- 76 

1431.93 3.15592 
tan^i 9.79579 

894.770 2.96171 

9H4.837 932.060 
932 060 
^Qa- 32.777 
For t^ lengtli of the old track we have : 

100 ;^' = 100^"*- 450. 

JOo4-^ - 100 ?r- 800. 

1/2 4 

AQi - 78.563 
^$2 - 32.777 
1361.340 
For the length of the new track we have: 

lOoi^'-lOO-?^- 353.659 

100^=100^3= 758.140 

Spiral on 8*» 12' curve 175.000 
" •* 4<»01'22" •• 75. 

Leni?th of new track - 1 36 1 . 799 

•• " old " » 1.361. 340 

Excess in length of new track — 0.459 feet. 

Since the new track ia slightly longer than the old, it shows 
that the new track runs too far outside the old track at the 
P.C.C, On the other hand the offset m is only 1.136. The 
maximum amount by which the new track comes inside of the 
'old track at two points, presumably not far from Z' and Z, is 
very difficult to determine exactly. Since it is desirable that 
the maximum offsets (inside and outside) should be made as 
nearly equal as possible, this feature should not be sacrificed to 
an effort to make the two lines of precisely equal length so that 
the rails need not be cut. Therefore, if it is found that the offsets 
inside the old track are nearly equal to m (1.136), the above 
figures should stand. Otherwise m may be diminished (and the 
above excess in length of track diminished) by increasing i?/ 
very slightly and making the necessary consequent changes. 
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^ '-•! of TaWe IV* Prof. R. B. H. Begg, of Syracuse 
Dniversfi^, liad submitted to the author a series of tables 
which will materially simplify the work of solving Equations 
(33) to (37), and which have been added to Table IV of pre- 
vious editions. Since these equations involve R and J (which 
may each have any values) in combination with several values 
of <l>, it Would require impracticably extensive tables to give 
precise values of the required dimensions for any possible com- 
b'nation of R, J, and <p. But the tables may be utilized by 
int€rpolati<m m\h all necessary accuracy within their range. 
Rules for the use of the tables and for the field work are as 
follows: 

1. Find P. C, (point A) as if no transition curve were to be 

used. 

2. Lay off the distance AN (part C of table) to N\ then offset 

the distance A'N (part B) to A', the new P. C. ; from N 
measure a distance NQ (part B) to Q, 

3. Set transit on A'; sight parallel to tangent and run in 

circular curve, setting Z from deflection afid distance 
(part B)\ or Z can be set by measuring ZK and QK 
(part B) from Q. 

4. Set transit on Q, sight along tangent-and turn the deflection 

(part A) for each 25-foot station, for as many chord 
lengths as required; or the points may be located by 
measuring distances y along the tangent from Q and off* 
getting the corresponding distances x 

VERTICAL CURVES. / 

54. Necessity for their use. Whenever there is a change in 
the rate of grade, it is necessary to eliminate the angle that 
would be formed at the point of change and to connect the two 
grades by a curve. This is especially necessary at a sag between 
two grades, since the shock caused by abruptly forcing an up- 
ward motion to a rapidly moving heavy train is very severe both 
to the track and to the rolling stock. The necessity for vertical 
curves was even greater in the days when link couplers were in 
universal use and the ^' slack" in a long train was very great. 
Under such circumstances, when a train was moving down a 
heavy grade the cars would crowd ahead against the engine. 
Reaching the sag, the engine would begin to pull out, rapidly 
taking out the slack. Six inches of slack on each car would 
amount to several feet on a long train, and the resulting jerk on 
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the couplers, especially those near the rear of the t^ ^ 3.103^ 
quently resulted in broken couplers or even deK5^,Ivu?s^"A 
vertical curve will practically eliminate this danger if the curve 
is made long enough, but the rapidly increasing adoption of 
close spring couplers and air-brakes, even for freight trains, is 
obviating the necessity for such very long curves. 

55. Required length. Theoretically the length should de- 
pend on the change in the rate of grade and on the length of the 
longest train on the road. A sharp change in the rate of grade 
requires a long curve; a long train requires a long curve; but 
since the longest trains are found on roads with light grades and 
small changes of grade, the required length is thus somewhat 
equalized. The A.R.E.A. rule is: ''On class A roads (see § 198) 
rates of change of 0.1 per cent per station on sunmiits and 0.05 per 
cent per station in sags should not be exceeded. On minor roads 
0.2 per cent per station on summits and 0.1 per cent per station 
in sags may be used." When changing from a down grade to an 
up grade (or vice versa) the change of grade equals the numerical 
sum of the two rates of grade. For example, if a 0.5 per cent 
down grade is followed by a 0.7 per cent up grade, the road being 
a "minor" road, then, by the above rule the length of the curve 
should be at least [0.5-(-0.7)] 4-0.1 =12 stations or 1200 feet. 
Added length increases the amount of earthwork required both 
in cuts and fills, but the resulting saving in operating expenses 
will always justify a considerable increase. 
56. Form of curve. In Fig. 36 assume that A and C, equi- 






_LEyEL_LINE __!r'^*"--2L 

Fio. 36. 



distant from B, are the extremities of the vertical curve. Bisect 
AC Bi e; draw Be and bisect it at h. Bisect AB and BC at k 
and {. The line kl will pass through h, A parabola may be 
drawn with its vertex at h which will be tangent to AB aud BC 
at A and C. It may readily be shown * from the properties of 
a parabola that if an ordinate be drawD at any point (as at n) 
we will have 

f 
* See note at'foot of p. 64. r^ J^ 1 
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> _ 

sn : eh (or hB) : : An? : Ac,' 

or «n=c;i^ (44> 

Ae* 

In Fig. 36 the grades are necessarily exaggerated enormously. 
With the proportions found in practice we may assume that 
ordinates (such as mt, eB, etc.) are perpendicular to either 
grade, as may suit our convenience, without any appreciable 
error. In the numerical case given below, the variation of 
these ordinates from the vertical is 0** 07', while the effect of 
this variation on the calculations in this case (as in the most 
extreme cases) is absolutely inappreciable. It may easily be 
shown that the angle 0-45= half the algebraic difference of the 
rates of grade. Call the difference, expressed in per cent of 
grade, r; then CAB^ir, Let Z= length (in "stations" of 100 
feet) of the line AC, which is practically equal to the horizontal 
measurement. Since the angle CAB is one-half the total change 
of grade at B, it follows that J?e = i^ X ir Therefore 

Bh==ilr (44a) 

Since Bh ^,or eh) are constant for any one curve, the correction 
sn at any point (see Eq. 44) equals a constant times Am'. 

57. Numerical example. Assume that B is located at Sta. 
16+20; that the grade of AB is -0.5%, and of BC +0.7%; 
also that the elevation of B above the datiun plane is 162.6. 
Then the algebraic difference of the grades, r, =0.7 — (—0.5) = 
1.2; ^ = 12. B^ = i?r = iX12Xl.2 = 1.8. A is at Sta. 10+20, 
and its elevation is 162.6+ (6X0.5) =165.6; C is at Sta. 22+20 
and its elevatiqft is 162.6 +(6X0.7) = 166.8. The elevation of 
Sta. 11 is found by adding sn to the devation of s on the 
straight fgrade line. The constant] (e^-^Ae ) equals in this case 
1.8-^600'=innnnnF' Therefore the curve elevations are 

A. Sta. 10+20, 162.6+(6.00X0.5) -165.60 

11 165.6 -(0.80X0.5) + 5WO0V 80« =165.23 

12 165.6-(1.80X0.5) + jffiATOff 1802=164.86 
43 165.6-(2.80X0.5) + jW»iyTi280«=164.59 
U 165.6-(3.80X0.5)+jTjAnro380»«164.42 

15 166.6-(4.80X0.5) + 5Tj,Anny480«»164.35 

16 165.6-(6.80X0.5) + WW 580» -164.38 
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B. 16 -f-20, 1^3.6+ 1.80 =164.40 

17 166.8-(5.20X0.7) + ,TnrW6208=164.51 

18 166.8-(4,20X0.7) + W<nrff420«=164.74 

19 166.8 -(3.20X0.7) + yWm 3202 =165.07 

20 166.8-(2.20X0.7) + ,ffT^220«=165.50 
81 l6a.8-(l.a0X0.7)-h5o,^TOl20i«ie6.Q3 
93 166.8-(0.20X0,7)-|-icAto aQ««lfl6.66 

C. 22+20, 1Q2.6+(6.00XQ.7) -166. «0 



fj. iT 



PEMONSTHATION OF »Q. 44. 
Tt^e cflQeval equation of a parabola passing through the point n (Fig. 80) 
may be written 

V^ + Vn!^ -^ 2p(a; + x^)i 

from which a?„ — -^ — H -^ *• 

^ 2p ip 

The general equation of a tangent passing through the point A may be 
written 



from whioh . 






af -p 






When X - a;. 


y 


-^•[ = 


- 2/^], and 


we have 
p ^^. 








«n - 


*n - *« - 


2p 


Zi'nI'a 
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2v 
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-r34w' 





This proves the |peiner^ propositipi) tba^ if seoapts are 4rawn parallel to 
the axis of x^ intersecting a parabola and a tangen^ to it, t^e intercepts be- 
tween the tangent and the parabola are ptoportional to the square of tho 
distances (measured parallel to y) from the tangent point. 
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FORM OF EXCAVATIONS AND EMBANKMENTS. 

58. Usual iona of cro0»<««etion in cut or fill. The normal 
form of cross-section in cut is as shown in Fig. 37, in which 
9 . , .g represents the natural surface of the ground, no matter 




how irregular; ab represents the position and width of the re- 
quired roadbed; ac and hd represent the *'side slopes" which 
begin at a and h and which intersect the natural surface at such 




Fig. 38. 



points (0 and <f) as will be deteiFii^inod by the required slope 
angle (^). 

The normal section in Ull is as shown in Fig. 38. The points 
c and d are likewise determined by the intersection of the ro? 
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quired side slopes with the natural surface. In case the required 
loadbed (ab in Fig. 39) intersects the natural surface, both cut 




Fig. 39. 

and fill are required, and the points c and d are determined as 
before. Note that /? and /?' are not necessarily equal. Their 
proper values will be discussed later. 

59. Terminal pyramids and wedges. Fig. 40 illustrates the 
general form of cross-sections when there is a transition from 
cut to fill, a , . , ^ represents the grade line of the road which 




Fig. 40. 
from cut to fill at d. sdt represents the surface profile. 
A cross-section taken at the point where either side of the road- 
bed first cuts the surface (the point m in this case) will usually 
be triangular if the ground is regular. A similar cross-section 
should be taken at o, where the other side of the roadbed cuts 
the surface. In general the earthwork of cut and fill terminates 
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in two pyramids. In Fig. 40 the pyramid vertices are at n 
and k, and the bases are ihm and opq. The roadbed is generally 
wider in cut than in fill, and therefore the section Ihm and the 
altitude In are generally greater than the section opq and the 
altitude pk. When the line of intersection of the roadbed and 
natural surface (nodkm) becomes perpendicular to the axis of 
the roadbed (ag) the pyramids become wedges whose bases are 
the nearest convenient cross-sections. 

6o. Slopes, a. Cuttings. The required slopes for cuttings 
vary from perpendicular cuts, which may be used in hard rock 
which will not disintegrate by exposure, to a slope of perhaps 
4 horizontal to 1 vertical in a soft material like quicksand or in 
a clayey soil which flows easily when saturated. For earthy 
materials a slope of 1 : 1 is the maximum allowable, and even 
this should only be used for firm material not easily affected by 
saturation. A slope of IJ horizontal to 1 vertical is a safer 
slope for average earthwork. It is a frequent blunder that 
slopes in cuts arc made too steep, and it results in excessive work 
in clearing out from the ditches the material that slides down, 
at a much higher cost per yard than it would have cost to take 
it out at first, to say nothing of the danger of accidents from 
possible landslides. 

b. Embankments. The slopes of an embankment vary from 
1 : 1 to 1.5 : 1. A rock fill will stand at 1 : 1, and if some care 
is taken to form the larger pieces on the outside into a rough 
dry wall, a much steeper slope can be allowed. This method is 
sometimes a necessity in steep side>bill work. Earthwork em- 
bankments generaUy require a slope of IJ to^ 1. If made 
steeper at first, it generally results in the edges giving way, re- 
quiring repairs imtil the ultimate slope is nearly or quite IJ : 1. 
The difficulty of incorporating the added material with the old 
embankment and preventing its sliding off frequently makes 
these repairs disproportionately costly. 

6i. Compound sections. When the cut consists partly of 
earth and partly of rock, a compound cross-section must be 
made. If borings have been made so that the contour of the 
rock surface is accurately known, then the true cross-section may 
be determined. The rock and earth should be calculated sepa- 
rately, and this will require an accurate knowledge of where the 
rock "runs out" — a difficult matter when it must be deter- 
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mined by boring. During construction the ceftteV part of the 
earth ctit would be taken out first and the cut widened until a 
sufficient width of rock surface had been exposed sO that the 
rock cut would have its proper width and side slopes. Then the 
earth slopes could be cut down at the proper angle. A^'berm" 
of about three feet is usually left on the edges of the rock cut as 




Fio. 41. 

a, margin of safety against a possible sliding of the earth slopes. 
After the work is done, the amount of excavation that has been 
made is readily computable, but accurate preliminary estimates 
are difficult. The area of the cross-section of earth in the figure 
must be determined by a method Similar to that developed for 
borrow-pits (see § 89). 

62. Width of roadbed. Owuig to the large and often dis- 
proportionate addition to volume of cut or fill caused by the 
fuldition of even one foot to the width of roadbed, there is a 
natural tendency to re^duee the width until embankment^s become 
unsafe and cuts are too narrow for proper drainage. The cost 
of maintenance of roadbed is so largely dependent on the drain- 
age of the roadbed that there is true economy in making an 
ample allowance for it. The practice of some of the leading 
railroads of the country in this respect is given in the following 
table, in which are also given some dat^ belonging more properly 
to the subject of superstructure. 

It may be noted from the table that the average width 
for an earthwork cut, single track, is about 24.7 feet, with a 
minimum of 19 feet 2 inches. The widths of fills, single track, 
average over 18 feet, with numerous minimums of 16 feet. 
The widths for double track may be found by adding the distance 
between track centers, which is usually 13 feet. 
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63. Fonn of subgrade. Specifications (or the cross-section 
drawings) formerly required that the subgrade should have a 
curved form, convex upward, or that it should slope outward 
from a slight ridge in the center, with the evident purpose of 
draining to the sides all water which might percolate through the 
ballast. If the subsoil were hard and impenetrable by the ballast, 
the method might answer, but experience has shown that, with 
ordinary subsoils, the ballast immediately under each rail is 
forced a little deeper into the subsoil by the passage of each train. 
Pe|iodical retamping of ballast under the ends of the ties, and 
little or no tamping under the center, only adds to the accumula- 
tion under each rail. A cross-section of a very old roadbed will 
frequently show twice as much depth of ballast under the rails 
as there is under the center. This method of tamping quickly 
obliterates the original line of demarcation between ballast and 
subsoil and any expected improvement in drainage due to sloping 
subsoil is not realized. Therefore the A.R.E.A. specifications 
call for flat subgrades. 

64, Ditches. "The stability of the track depends upon the 
strength and permanence of the roadbed and structures upon 
which it rests; whatever will protect them from damage or pre- 
vent premature decay should be carefully observed. The worst 
enemy is water, and the further it can be kept away from the 
track, or the sooner it can be diverted from it, the better the 
track will be protected. Cold is damaging only by reason of 
the water which it freezes; therefore the first and most impor- 
tant provision for good track is drainage." (Rules of the Road 
Department, Illinois Central R. R.) 

The form of ditch generally prescribed has a flat bottom 12" 
to 24" wide and with sides having a minimum slope, except in 
rock-work, of 1 : 1, more generally 1.5 : 1 and sometimes 2 ; 1. 
Sometimes the ditches are made V-shaped, which is objection- 
able unless the slopes are low The best form is evidently that 
which will cause the greatest flow for a given slope, and this 
.will evidently be. the form in which the 
ratio of area to wetted perimeter is the 
largest. The semicircle fulfills this con- 
dition better than any other form, but the 
nearly vertical sides would be difficult to 
maintain. (See Fig. 42.) A ditch, with a flat bottom and such 
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slopes as the soil reqiures, which approximates to the circular 
form will therefore be the best. 

When the flow will probably be large and at times rapid it 
will be advisable to pave the ditches with stone, especially if the 
soil is easily washed away. Six-inch tile drains, placed 2' imder 
the ditches, are prescribed on some roads. (See Fig. 43.) No 
better method could be devised to insure a dry subsoil. The 
ditches through cuts should be led off at the ejid of the cut so 
that the adjacent embankment will not be injured. 

Wherever there is danger that the drainage from the land 
above a cut will drain down into the cut, a ditch should be made 
near the edge of the cut to intercept this drainage, and this 
ditch should be continued, and paved if necessary, to a point 
where the outflow will be harmless. Neglect of these simple 
and inexj>ensive precautions frequently causes the soil to be 
loosened on the shoulders of the slopes during the progress of a 
heavy rain, and results in a landslide which will cost more to 
repair than the ditches which would have prevented it for all 
time. 

Ditches should be formed along the bases of embankments; 
they facilitate the drainage of water from the embankment, 
and may prevent a costly slip and disintegration of the em- 
bankment. 

65. Effect of sodding the slopes, etc. Engineers are unani- 
mously in favor of rounding off the shoulders and toes of em- 
bankment's and slopes, sodding the slopes, paving the ditches, 
and providing tile drains for subsurface drainage, all to be put 
in during original construction. (Sec Fig. 43.) Some of the 
highest grade specifications call for the removal of the top layer 
of vegetable soil from cuts and from under proposed fills to 
some convenient place, from which it may be afterwards spread 
on the slopes, thus facilitating the formation of sod from grass- 
seed. But while engineers favor these measures and their 
economic value may be readily demonstrated, it is generally 
impossible to obtaia the authorization of such specifications 
from railroad directors and promoters. The addition to the 
original cost of the roadbed is considerable, but is by no means 
as great as the capitalized value of the extra cost of mainte- 
nance resulting from the usual practice. Fig. 43 is a copy of 
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designs * pr^ftfented at ft eottvetition of the Ameiican Society of 
Civil Engineers by Mr. D. J. Whitteffiofe, l^ast :Pfesident of 
the Society and Chief Enginect of the Chi., Mil. & St. Paul 



Fio. 43.— •• WttitfEMoRfc ON Railway tejtfcAVAtioN AKb UlfBAMtirtKTb *' 
Tl-fttis. Atn. »oc; C. E.5 S«pt. 1894. 

R» R, Th^ "eu«tomftfy eeciiong *' teptemii what ie, with scttne 
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posed sections'* elicited unanimous approval. They should be 
adopted when not prohibited by financial considerations. 



EARTHWORK SURVEYS. 

66. Relation of actual volume to the numerical result. It 

should be realized at the outset that the accuracy of the result 
of computations of the volume of any gi>'en m&ivi of earthwork 
has but Utile relation to the accuracy of the mere numerical 
work. The process of obtaininej the volume consists of two 
distinct parts. In the first place it is assumed that the volume 
of the earthwork may be represented by a more or less com- 
plicated geometrical form, and then, secondly, the volume of 
such a geometrical form is computed. A desire for simplicity 
(or a frank willingness to accept approximate results) will often 
cause the cross-section men to assume that the volume may be 
represented by a very simple geometrical form which is really 
only a very rough approximation to the true volume. In such 
a case, it is only a waste of time to compute the volume with 
minute numerical accuracy. One of the first lessons to be 
learned is that economy of time and effort requires that the 
accuracy of the numerical work should bo kept proportional to 
the acciutujy of the croas-sectioning work, and also that the 
accuracy of both should be proportional to the use to be made 
of the results. The subject is discussed further in § 94. 

67. Msmoids. To compute the volume of earthwork, it is 
necessary to assume that it has some geometric form whose vol- 
ume is readily determinable. The general method is to consider 
the volume as consisting of a series of prismoidsy which are 
solids having parallel plane ends and bounded by surfaces which 
may be formed by lines moving continuously along the edges of 
the bases These surfaces may also be considered as the sur- 
faces generated by lines moving along the edges joining the cor- 
responding points of the bases, these edges being the directrices, 
and the lines being always parallel to either base, which is a 
plane director. The surfaces thus developed may or may not 
be planes. The volume of such a prismoid is readily determin- 
able (as explained in f 70 et seq.), while its definition is so very 
general that it may be applied to very rough ground. The 
'Hwo plane ends" are sections perpendicular to the axis of the 
road. The roadbed and side slopes (also plane) form three of 
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the side surfaces. The only approximation lies in the degree of 
accuracy with which the plane (or warped) surfaces coincide with 
the actual surface of the ground between these two sections. 
This accuracy will depend (a) on the number of points which 
are taken in each cross-section and the accuracy with which the 
lines joining these points coincide with the actual cross-sections; 
(b) on the skiU shown in selectiDg places for the cross-sections so* 
that the warped surfaces shall coincide as nearly as possible with 
the surface of the ground. In fairly smooth country, cross- 
sections every 100 feet, placed at the even stations, are suf- 
ficiently accurate, and such a method simplifies the computations 
greatly; but in rough country cross-sections must be inter- 
polated as the surface demands. As will be explained later, 
carelessness or lack of judgment in cross-sectioning will introduce 
errors of such magnitude that aU refinements in the computa- 
tions are utterly wasted. 

68. Cross-sectioning. The process of cross-sectioning con- 
sists in determining at any place the intersection by a vertical 
plane of the prism of earth lying between the roadbed, the side 
slopes, and the natural surface. The intersection with the road- 




Fia. 44. 

bed and side slopes gives three straight lines. The intersection 
with the natural surface is in general an irregular line. On 
smooth regular ground or when approximate results are accept- 
able this line is assumed to be straight. According to the irreg- 
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ularity of the ground and the accuracy desired more and more 
"intermediate points" are taken. 

The distance (d in Fig. 44) of the roadbed below (or above) 
the natural surface at the center is known or determined from 
the profile or by the computed establishment of the grade line. 
The distances out from the center of all " breaks " are deter- 
mined with a tape. To determine the elevations for a cut, set. 
up a level at any convenient point so that the line of sight is 
higher than any point of the cross-section, and take a rod read- 
ing on the center point. This rod reading added to d gives the 
height of the instrument (H. I.) above the roadbed. Sub- 
tracting from H. I. the rod reading at any "break" gives the 
height of that point above the roadbed {hi, ki, hr, etc.). This 
is true for all cases in excavation. For fill, the rod reading at 
center minus d equals the H. I., which may be positive or nega- 
tive. When negative, add to the "H. I." the rod readings of 
the intermediate points to get their depths below "grade"; 
when posfitive. subtract the " H. I." from the rod readings. 

The heights or depths of these intermediate points above or 
below grade need only be taken to the nearest tenth of a foot, 
and the distances out from the center will frequently be suffi- 
ciently exact when taken to the nearest foot. The roughness of 
the surface of farming land or woodland generally renders use- 
less any attempt to compute the volume with any greater accu- 
racy than these figures would imply unless the form of the ridges 
and hollows is especially well defined. The position of the slope- 
stake points is considered in the next section. Additional dis- 
cussion regarding cross-sectioning is found in § 82. 

69. Portion of slope-stakes. The slope-stakes are set at the 
intersection of the required side slopes with the natural surface/ 
which depends on the center cut or fill (d). The distance of 
the slope-stake from the center for the lower side is a;«}d 
-\-8(d+y)) for the up-hill side it is x'=i6 + s(d— 3/'). « is the 
"slope ratio" for the side slopes, the ratio of horizontal to ver 
tical. In the above equation both x and y are unknown. There- 
fore some position must be found by trial which will satisfy the 
equation. As a preliminary, the value of x for the point a— i6 
-\-8d, which is the value of x for level cross-sections. In the 
case of fills on sloping ground the value of x on the downMU 
side is greater than this; on the up-hill side it is less. The differ- 
ence in distance is a times the difference of elevation. Take « 
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numerical case correspouding with Fig. 46. The rod reading 
on c is 2.9; rf=4.2; therefoie the telescope is 4.2— 2. 9*- 1,3 
h^ow grade. a«l,5 : 1, ?>=»16. Hence for the point a (or for 
level ground) a: =«ix 16 + 1.6X4,2 — 14.3. At a distance out 
of 14.3 the ground is seen to be about 3 feet lower, which will 
not ocly require 1.6X3=4.5 more, but enough additicmal dis- 
timce so that the added distance shall be 1,6 tiroes the additional 
drop. As a first trial the rod maj^ be held at 24 feet out and a 
reading of, say, 8.3 is obtained. 8.3 + 1.3=* 9.6, the depth of 
the point below grade. The point on the slope line (w) which 
has this depth below grade is at a diatance from the center 




Fio. 46. 



»w»8 + 1.5X9,6^22.4. The point on the surface (s) having 
that depth is 24 feot out. Therefore the true point (m) is 
nearer the center. A second trial at 20.6 feet out gives a rod 
reading of, say, 7.1 or a depth of 8.4 below grade. This corre^ 
sponds to a distance out of 20.6. Since the natural soil (eepe- 
daliy in farming lands or woods) is generally so rough that a 
difference of elevation of a tenth or bo may be readily found by 
slightly varying the location of the rod (even though the dis- 
tance fi*om the center is the same), it is useless to attempt too 
much refinement, and so in a case like the above the combina- 
tion of 8.4 below grade and 20.6 out from center may be tal^n 
to indicate the proper position of the slope^stake. This is 
usually indicated in the form of a fraction, the distance out being 
the denominator and the height above (or below) grade being 
the numerator; the fact oi cut or fUl may be indicated by or Fn 
Ordinarily a second trial will be sufficient to determine with 
sufficient accuracy the true position of the slope-stake. Ex- 
perienced men will frequently estimate the required distance 
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out to within a few tenths at the first trial. The lef jb-hand pages 
of the note-t>ook shoi^d l>ave the station number, surface eleva- 
tion, grade elevation, center cut or fill, and rate of grade. The 
right-han4 pages should be divided in the center and show the 
distances out and heights above grade of all points, as is illus- 
trated in § 84. The notes shoujd read up the page, so that when 
looking ahea<} aloijg the line the figures are in tjieir proper 
relative position. The "fractions" farthest fpom tl>e center 
line represent the slope-stake points. 

70. Setting slope-stakes by means of '' automatic" slope-stake 
rod^. The equipment consists of a specially graduated tape and 
a specially constructed rod. The tape may readily be prepared 
by marking on the bock side of an ordinary 50-foot tape which is 
gra4uated to feet and teuths. Mark *'0" at " J6 " from the tape- 
ring. Then graduate from the zero backward, at true scale, to 
the ring. Mark off "feet" and '* tenths" on a scale propor- 
tionate to the slope ratio. For example, with the usual slope 
ratio of 1.5:1 each ** foot" would measure 18 inches and each 
** tenth" in proportion. 

The rod, 10 feet long, is shod at each end and has an endless 
tape passing within the shoes at each end and over pullej'^s — to 
reduce friction. The tape should be graduated in feet and 
tenths, from to 20 feet — the and 20 coinciding. By moving 
the tape so that is at the bottom of the rod — or (practically) 
so that the 1-foot mark on the tape is one foot above the bottom 
of the shoe, an index mark may be placed on the back of the 
rod (say at 15 — on the tape) and this readily indicates when the 
tape is "set at zero." 

The method of use may best be explained from the figure and 
from the explicit rules as stated. The proof is given for two 
assmned positions of the level. 

(1) Set up the level so that it is higher than the "center" 
and (if possible) higher than both slope-stakes, but not more 
than a rod-length higher. On very steep ground tl^is jnay be 
impossible and each slope-stake must be set by separate positions 
of the level. 

(2) Set the rod-tape at zero (i.e., so that the 15-foot mark 
on the back is at the index mark). 

(3) Hold the rod at the center-stake (B) and note the read- 
"ig (^1 or n^. Consider n to be always plus; consider d to be 
plus for cut and minus for fill. 
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(4) Raise the tape on the face side of the rod (n+d),^ Applied 
literally (and algebraically), when the level is helow the roadbed 
(only possible for fill), (n + d) = (nj + ( —d/)) ^n, — c?/. This being 
numerically negative, the tape is lowered {df—n^. With level 
at (1), for fill, (n4-<Q '=(wi + (--<i/)) =(wi— d/); this being positive, 
the tape is raised. With level at (1), for cut, the tape is raised 
(rii+dc). In every case the effect is the same as if the telescope 
were set at the elevation of the roadbed. 



¥iQ. 45a. 

(5) With the special distance-tape, iso held that its zero is \b 
from the center, carry the rod out imtil the rod reading equals 
the reading indicated by the tape. Since in cut the tape is 
raised (n+d), the zero of the rod-tape is always higher than the 
level (unless the rod is held at or below the elevation of the road- 
bed — ^which is only possible on side-hill work), and the reading 
at either slope-stake is necessarily negative. The reading for 
slope-stakes in fill is always positive. 

(6) Record the rod-tape reading as the numerator of a frac- 
tion and the actual distance out (read directly from the other 
side of the distance-tape) as the denominatoi* of the fraction. 

Proof. FilL Level at (i). Tape is raised in^—df). When 
rod is held at C/, the rod reading is H-x, which =r/i— (rii— rfy). 
But the reading on the back side of the distance-tape is also x. 

FilL Level at (2). Tape is raised (n,— d/), i.e., it is lowered 
(d/—n^. When rod is held at C/, the rod reading is +x, which 
similarly « r/j— (n,— d/) = r/^ + {df—n^. Distance-tape as be- 
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Cut Level at (i). Tape is raised (ni+dc)- When rod is 
held at Cc the rod reading is— «, which — rci— (nj+dc), i.e., 
2 = (nj + rfc) — rci- The distance-tape will read z. 

Side-hill work. It is easily demonstrated that the method, 
when followed literally, may be applied to side-hill work, al- 
though there is considerable chance for confusion and error, 
when, as is usual, \h and the slope ratio are different for cut and 
forfiU. 

The method appears complicated at first, but it becomes 
mechanical and a time-saver when thoroughly learned. The 
advantages are especially great when the ground is fairly level 
transversely, but decrease when the difference of elevation 
of the center and the slope-stake is more than the rod length. 
By setting the rod-tape ' ' at zero," the rod may always be used 
as an ordinary level rod and the regular method adopted, as in 
§ 69. Many engineers who have thoroughly tested these rods 
are enthusiastic in their praise as a time-saver. 



COMPUTATION OF VOLUME. 

71. Prismoidal formiila. Let Fig. 46 represent a triangular 
prismoid. The two triangles forming the ends lie in paraUel 
planes, but since the angles of one triangle are not equal to the 
corresponding angles of the other triangle, at least two of the 
surfaces must be loarped. If a section, parallel to the bases, is 



made at fcny point at a distance x from one end, the area of the 
section will evidently be 
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The volume of a section of infinitesimal length will iSe Atddx^ 
and the total volume of the prismoid will be * 

jf^*<te-ijr'|^5.+(6,-6.)|j [^A.+(ft,_A.)jJ dx 

■> i -j 6,M +[(6, -6.)^. + 6i(^, -/.i)4 + (6,-6.)(A, -A.)|- j. 
•= g{i& A + \HK + h) + i6j(/i, + Aj) + J6A] 

-i[,>,»,.4(l.'.^A..'i^=).W,] 

=^Ai + 4A,« + A2], (45) 

in which Aj, A 2, and Am are the areas respectively of the two 
bases and of the middle section. Note that Am is not the mean 
of A, and A,, although it does not necessarily differ very greatly 
from it. 

The above proof is absolutely independent of the values, ab- 
solute or relative, of 61, h^, hi, or /12. For example, hz may be 
zero and the second base reduces to a line and the prismoid be- 
comes wedge-shaped; or 62 aiid hi may both vanish, the second 
base becoming c point and the prismoid reduces to a pyramid. 
Since every prismoid (as defined in § 67) may be reduced to a 
combination of triangular prismoids, wedges, and pyramids, and 

* Students unfamiliar with the Integral Calculus may take for granted the 

fimdaniental formulae that I dx^x, that I xdx = ^±^, and that / x^dx'^^x^i 

aloo that in integrating between the l^nits of I and (z6to), the value of the 
integral may be found by simply substituting Ifca: x after integration. 
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since the formula is true for any one of them individually, it is 
true for all collectively; therefore it may be stated that ♦ 

The volume of a prismoid equals one sixth of the perpendicular 
distance between the bases multiplied by the sum of the areas of 
the two bases plus four times the area of the middle sectioft. 

While it is always possible to compute the volume of any 
prismoid by the above method, it becomes an extremely compli- 
cated and tedious operation to compute the true value of the 
middle section if the end sections are complicated in form. It 
therefore becomes a simpler operation to compute volumes by 
approximate formulae and apply, if necessary, a correction. 
The most common methods are as follows: 

72. Averaging end areas. The volume of the triangular 
prismoid (Fig. 46), computed by averaging end areas, is 

^-[i&i^i + 162^2]- Subtracting this from the true volume (as 

given in the equation above Eq. 45), we obtain the correction 

~^[(b,-b,)ih,-h,)] (46) 

This shows that if either the h^a or 6'8 are equal, the correc- 
tion vanishes; it also shows that if the bases are roughly similar 
and b varies roughly with./i (which usually occurs,, as will be 
seen later), the correctioli will be negative j which means that the 
method of averaging end areas usually gives too large results. 

73* Middle areas. Sometimes the middle area is computed 
and the volume is assumed to be equal to the length times the 

middle area. This will equal — X ^ ^ X \ ' . Subtracting 

this from the true volume, we obtain the correction 

^(&.-b,;(A,-/4) . . (47) 

As before, the form of the correction shows that if either 
the Ks or &'s are equal, the correction vanishes; also under the 
usual conditions, as beford, the correction is positive and only 
one-half as large as by averaging end areas. Ordinarily the 
labor involved in the above method is no less than that of 
applying the exact prismoidal formula. 

♦ The student should note that the derivation of equation (45) does not 
complete the proof, but that the statements in the following paragraph are 
logically necessary for a general proofs 
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74. Two-level ground. When approximate computations of 
earthwork are sufficiently exact the field-work may be materi- 
ally reduced by observing simply the center cut (or fill) aod the 
natural slope a, measured with a clinometer. The area of such 
a section (see Fig. 48) equals 

iia+d)(xi+Xr) — ^. 



But 

from which 

Similarly, 
Substituting, 



Xi taxi p=a+d+xi tan a, 

a+d 
tan/&— tan a* 



xi- 



Xr- 



a+d 



Area=(a+d) 



tan/?+tan a' 
tani9 



06 
■ 2' 



(48) 



tan^y?— tan* a 

The values a, tan^, tan*^ are constant for all sections, so 
that it requires but Uttle work to find the area of any section. 




Fio. 47. 

As this method of cross-sectioning implies considerable approxi- 
mation, it is generally a useless refinement to attempt to com- 




Feo. 48. 
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pute the voiume with any greater accuracy than that obtained 
by averaging end areas. It may be noted that it may be easily 
' proved that the correction to be appUed is of the same form as 
that found in § 72 and equals 

^iW+Xr') -(x/'+x/O] [W"+a) -(d'+a)l 

which reduces to 

When d" ^df the correction vanishes. This shows that when 
the center heights are equal there is no correction — regardless 
cf the slope. If the slope is uniform throughout, the form of the 
correction is simplified and is invariably negative. Under the 
usual conditions the correction is negative, i.e., the method 
generally gives too large results. 

75. Level sections. When the country is very level or when 
only approximate preliminary results are required, it is some- 
times assumed that the cross-sections are level. The method of 
level sections is capable of easy and rapid computation. The 
area may be written as 

(a+d)»s-^ (60) 



jm? 




FiQ. 49. 

This also follows from Eq. 48 when a«0 and tan ^— — . 

s here represents the " slope ratio," i.e., the ratio of the horizontal 
projection of the slope to the vertical. A table is very readily 
formed giving the area in square feet of a section of given depth 
and for any given width of roadbed and ratio of side-slopea. 
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The QXf^ may also be readily determinied (as illu^rated ip the 
fjollowing example) without the use of suc-b a table; a table of 
squares will facilitate the work. Assuming the cross-sections 
at equal distances (=7) apart, the total apprpximate volume 
for any distance will be 

-[A^ + 2(A^+A,+ ...An-i)+Anl . . . (51) 



The prismoidal correction maj^ be directly derived frora 
^q. 46 as 
reduces to 



Eq. 46 as ^[2(a+d')s-2(a-\-d")s][(a+d")-(a+d')l which 



^^(d^-dn' or ^—^(d'^d^y. . ^ (52) 



This may also be derived from Eq 49, since a«=0, tan a=0, 
and tan/?=2a-h6 This correction is always negative, showing 
that the method of averaging end areas, when the sections ar^ 
level, always gives too large results The prismoidal correction 
for any one prismoid is therefore a constant times the square 
of a difference. The squares are always positive whether the 
differences are positive or negative. The correction therefore 
becomes ' 

-—^lid'^d'r. (53) 

76. Numerical example: level sections. Given the following 
center heights for the same number of consecutive stations lOG 
feet apart; width of roadbed 18 feet; slope li to 1. 

The products in the fifth column may be obtained very 
readily and with sufficient accuracy by the use of the slide-rule 
described in §79. The products should be considered as 

(pt + d) (a + rf) -^ - . lu this prpblem s -= 1 J, — = .61^7. To apply 
s s ' 

the rule to the first case above, place 6667 on scale ^ oyer 89 

op scale Af then opposite 80 on scale B will be found 118.8 on 

spale A. The position of the decimal point will be evident from 

aj^ approximate mental solution of the problem. 
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Sta. 


Center 
Height. 


a+d 


(a+d)2 


(a+rf)2» 


Areas. 


d'*^dr 


(rf"^rf»)» 


17 
18 
19 
20 
21 
22 


2.9 
4.7 
6.8 
11.7 
4.2 
1.6 


8.9 
10.7 
12.8 
17.7 
10.2 

7.0 


79.2fl 
114.49 
163.84 
313.29 
1(H.04 

57.76 


1^8.81 
171.74 1 
245.76 
469.93 
156.06 
86.64 


118.81 

(343.48 

V9_ J 491.52 

^-^l 939 86 

1312.12 

86.64 


1.8 
2.1 
4.9 
7.5 
2.6 


3.34 

4.41 

24.01 

56.25 

6.76 



6X28 
2 



^-^-ii^-54 



2292.43 
10X54=» 54fll 

1752.43 



1752.43X100 



2X27 
Corr.-- 



= 3245 cub. yards — approx. vol. 



100X18 



12X6X27^^-®^ 
3245 - 91 - 3154 cub. yds. 



— —91 cub. yds. 
» exact volume. 



94.67 



The above demonstration of the correction to be applied to 
tlie approximate volume, found by averaging end areas, is intro- 
duced mainly to give an idea of the amount of that correction. 
Absolutely level sections are practically unknown, and the error 
involved in assuming any given sections as truly level will 
ordinarily be greater than the computed correction. If greater 
accuracy is required, more points shoiild be obtained in the 
cross-sectioning, which will generally show that the sections 
are not truly level. 

77. Equivalent sections. When sections ar6 very irregular 
the following mdthod may be used, especially if great accuracy 
is not required. The sections are plotted to scale and then a 
uniform slope line is obtained by stretching a thread so that the 
undulations are averaged and an eqiiivhlenf section is obtained. 
The center depth (d) and the slope angle (a) of this line c^n be 
obtained from the drawing, but! it is more convenient to measure 
the distances (xi and Xr) from the center. The area may then 
be obtained independent of the center depth as follows: Let 

s=the slope ratio of the side slopes = cot ^ = ^-. (See Fig. 60.) 



Then the 



Area4(?i±i'.)(x,+x.)- 



Xr Xr XlXl ah 

~s 2 ~7 2 ""2" 



^ XlXr 
S 



'2 
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The true volume, according to the prismoidal formula, of a 
length of the road measured in this way will be 

ifxiW ah (xi'+xi''x/+x/' 1 ah\ xi'W ahl. 
6L« 2"*"V2 2 8 2 )^ s 2J 

If computed by averaging end areas, the approximate volume 
will be 

' I fxiW ah xfxr" g&n 

2Ls 2"*"s 2 J' 

Subtracting this result from the true volume, we obtain as the 
correction 



Correction = -^ip^i" —xi') (x/ — a;/0 • 



(55) 



This shows that if the side distances to either the right or 
left are equal at adjacent stations the correction is zero, and 
also that if the difference is small the correction is also small 
and very probably within the limit of accuracy obtainable by 
that method of cross-sectioning. In fact, as has already been 
shown in the latter part of § 75, it will usually be a useless 




Fig. 5a 

refinement to compute the prismoidal correction when the 
method of cross-sectioning is as rough and approximate as this 
method generally is. 

78. Equivalent level sections. These sloping " two-level " 
sections are sometimes transformed into "level sections of equal 
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area/' and the volume computed by the method of level sections 
(§75). But the true volume of a prismoid with sloping ends 
does not agree with that of a prismoid with equivalent bases and 
level ends except under special conditions, and when this method 
is used a correction must be applied if accuracy is desired, 
although, as intimated before, the assumption that the sections 
have imiform slopes will frequently introduce greater inacciu^cies 
than that of this method of computation. The following dem- 
onstration is therefore given to show the scope and limitations 
of the errors involved in this much used method. 

In Fig. 50, let di be the center height which gives an equiva- 
lent level section. The area will equal (a+d^h — 5-, which 

must equal the area given in J 77, — ^— -^. « — ^- 

or a+d,^y^ (56) 

To obtain <i, directly from notes, given in terms of d and a, 
we may substitute the values of xi and Xr given in { 74, which 

«M-(a+d)-7=^l===— 7=^==r. . (57) 
Vtan* ^— tan* a v 1 — «' tan* a 

The true volume of the equivalent section may be repre- 
sented by 

|[(«+«^0'+4 (^+<t±f.) V(aM'0']. 

From this there should be subtracted the volume of the 
-'grade prism" under the roadbed to obtain the volume of the 
cut that would be actually excavated, but in the following com- 
parison, as well as in other similar comparisons elsewhere made, 
the volumeH>f the grade prism invariably cancels out, and so for 
the sake of simplicity it will be disregarded. This expression 
for volume may be transposed to 
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The true volume of the prismold with sloping ends is (see § 77) 

The difference of the two volumes 
I 



'08 



(xiW+xi''x/+xiW+xi'W-'Xi'x/ 



^^(\/W^Wxrx/)\ 



^2yJxi'XT'x,"xr" -xCxr") 
(5S) 



This shows that ''equivalent level sections'' do not in 
general give the true volume, there being an exception when 
xi'xr'^xi"xr. This condition is fulfilled when the slope is 
uniform, i.e., when o! = a". When this is nearly so the error 
is evidently not large. On the other hand, if the slopes are in- 
clined in opposite directions the error may be very considerable, 
particularly if the angles of slope are also large. 

79. Three-level sections. The next method of cross-section- 
ing in the order of complexity, and therefore in the order of 

j I 

^ ^^ j — ^--^ y 

I 

, 4 ' I >/" i 

FiQ. 61. 

accuracy, is the method of three-level sections. The area of 
the section is Ko+<0(^r+ti?/) — — , which may be written 
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ab 
i(a+d)w^--, in which w^Wr+wi If the volume is com* 

puted by leveraging end areas, it will equal 

j{(a+£iO^-«^ + ^«+<i'Ow^'-a^]- - • . (69) 

If we divide by 27 to reduce to cubic yards, we have, when 
/«I00, 

Vol f, )-fl(a+<l')w?'-|f/i6 + ||(a+d"K'-||^ 

For the next section 

Volo, )=|?(a+d"K'-||a5+|Ka+d'"K"-Ma^ 

For a partial station length compute as usual and multiply 

result by — — '- — The prismoidal correction may be 

100 

obtained by applying Eq 46 to each side in turn For the left 

side we have 

-j^Ka+f/O-Ca+OKw^/'-^/O, which equate 
For the right side we have, similarly. 
The total correction therefore equals 



12 
'l2 
Reduced to cubic yards, and with Z—100, 



-4(d'-4")(^"-w^o. 



Pris. Corr.«i|(d'-d")(i^'-tO. ... (60) 

When this result is compared with that given in Eq. 55 there 
is a^ apparpnt i^coIJsist^ncy. If two-level ground is considered 
as but a special case of three -level ground, it would seem as if 
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the same laws should apply. If, in Eq. 55^ x/^Xr'y and x/" 
is different from x/, the equation i educes to zero; but in this 
case d' would also be different from d"; and since x/'+x/ 
would =ip', and xi'* -\ Xr" -=w" in Eq. 60, w"—w' would not 
equal zero and the correction would be some finite quantity and 
not zero. The explanation lies in the difference in the form 
and volume of the prismoids, according to the method of the 
formation of the warped surfaces. If the surface is supposed to 
be generated by the locus of a line moving parallel to the ends 
as plane directors and along two straight lines lying in the side 
slopes, then xi"*^. ^nW. equal i(xi'+a;/')i a-nd iCr™'*- will equai 
\{xr-¥xr*), but the profile of the center line will not be straight 
and d^^^' will not equal i(^'+^")- On the other hand, if the 
surfaces be generated by two lines moving parallel to the ends 
as plane directors and along a straight center line and straight 
side lines lying in the slopes, a warped siurface will be generated 
each side of the center line, which will have imiform slopes on 
each side of the center at the two ends and nowhere else. This 
shows that when the upper surface of earthwork is warped (as 
it generally is), two-level ground should not be considered as a 
special case of three-level ground. This discussion, however, 
is only valuable to explain an apparent inconsistency and error. 
The method of two-level ground should only be used when 
such refinements as are here discussed are of no importance as 
affecting the accuracy. 

An example is given on the opposite page to illustrate the 
method of three-level sections. 

In the first column of yards 

210-|l(a+d)«;««X7.3X31.1; 

607, 734, etc., are found similarly; 

595=210-61+507-61; 

448 =yW507 -61 + 734 -6n ; 

602=T«A(734-61+392-61); 

449=392-61+179-61. 

For the prismoidal correction, 

~20-HW'-d'0(t^'-ti;0-tt(2.6-8.1)(42.8-3U) 
-fK-6.5)( + 11.7). 

For the next line, -3-.^fK-2.6)(+8.7)l and mmilariy 
lor the rest. The '' F*' in the columns of center heights, as wdl 
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as in the columns 6f "right" and "left," are inseried to indicate 

fll for all those points. Cut would be indicated by '* C." 

25 
80. Computation of products. The quantities ^(,a+d)w 

25 
and ^«& represent in each case the product of two variable 

terms and a constant. These products are sometimes obtained 
from tables which are calculated for all ordinary ranges of the 
variable terms as arguments. A similar table computed for 

~{d' —d!'){w" —w') will assist similarly in computing the 

prismoidal correction. Prof. Charles L. Crandall, of Cornell 
University, is believed to be the first to prepare such a set of 
tables, which were first published in 1886 in "'tables for the 
Computation of Railway and Other Earthwork." Another 
easy method of obtaining these products is by the use of a slide- 
rule. A slid6-rule has been designed by the author to accom- 
pany this volume.* It is designed particularly for this special 
work, although it may be utilized for many other purposes for 
which slide-rules are valuable. To illustrate its use, suppose 
(a-|-(Q =28.2, and w?= 62.4; then 

25, , ,. 28.2X62.4 
2~7^^ + ^^^"="~1.08— • 

Set 108 (which, being a constant of frequent use, is specially 
marked) on the sliding scale (Z?) opposite 282 on the othef scale 
(A), and then opposite 624 on scale B will be found 1629 on 
scale A, the 162 being read directly and the 9* read by estima- 
tion Although strict rules may be followed for pointing oft 
the final result, it only requires a very simple mental calculation 
to know that the result miist be 1629 rather than 162.9 or 
16290. For products less than 1000 cubic yards the result 
may be read directly from the scale; for products between 1000 
and 5000 the result may be read directly to the nearest 10 

* The first edition of tiiis book wis octavo, and a pasteboard slide-rule, 
especially maried, accompanied each volume. Cutting d6wn the size of 
the pages to "^ pocket size " prevents the incorporation of the rale with the 
present edition. Any slide-rule with a logarithmic unit 22J inches long will 
do equally well provided that the io8 mark is specially distinguished for 
ready use in computing the volume and that the 324 mark is similarly 
distinguished for use in oomputing the prismoidal correction- 
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yards, arid tfafe tenths of a division estimated. Between 5000 and 
10000 yards the residt may be read directly to the nearest 20 
yards, and the fraction estimated; but prisms of such volume 
will never be fouhd as simple triangular prisms— at least, an as- 
sumption that an^^ mass of ground was as regular as this would 
probably involve mote error than would occur from faulty esti- 
mation of fractional parts. Facilities for reading as high as 
10000 cubic yards w^ould not have been put on the scale ex- 
cept for the necessity of finding such products as |f (9. 1x9.5), 
for example. This product would be read off from the same 
part of the rule as |? (91x95). In the first case the product 
(80.0) could be read directly to the nearest .2 of a cubic yard, 
which is unneeessarily accurate. In the other case, the prod- 
uct (8004) could only be obtained by estimating /^ of a division. 
The computation for the prismoidal correction may be made 
similarly except that the divisor is 3.24 instead of 1.08. For 

example, IK5.5X11.7) =5^^|^^. Set the 324 on scale B 

(also specially marked like 108) opposite 55 on scale .4, and 
proceed as before. 

8i. Five-level sections. Sometimes the elevations over each 
edge of the roadbed are b'bserved when cross-sectioning. These 
are distinctively termed "five-level sections." If the center, 
the slope-stakes, and oiie intermediate point on each side {not 
necessarily over the edge of the roadbed) are observed, it is 
termed an " irt-egular section." The field-work of cross-section- 
ing fi^'e-level sections is no less than for irregular sections with 
one intermediate point; the computations, although capable of 
peculiar treatment on account of the location of the intermediate 
point, are no easier, and in some respects more laborious; the 
croiss-seetions obtained will hot in general represent the actual 
cross-sections as truly as when there is perfect freedom in locat- 
ing the intermediate point; as it is generally inadvisable or un- 
necessary to dmploy five-level seetions throughout the Tength of 
a road, the change from one method to another adds a possible 
element of inaccuracy and loses the advantage of uniformity of 
method, particularly in the notes and jorm of computations. 
On these accounts the method will not be further developed, 
except to note ttat this case, as weM as aiiy other, ma^ be 
solved by dividing the whole prismoid into triangular prism6ids, 
computing the volume by averaging end areas, and computing 
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the prismoidal correction by adding the computed corrections 
for each elementary triangular prismoid. 

82. Irregular sections. In cross-sectioning irregular sections, 
the distance from the center and the elevation above "grade" 
of every "break" in the cross-section must be observed. The 
area of the irregular section may be obtained by computing the 
area of the trapezoids (five, in Fig. 52 and subtracting the two 
external triangles. For Fig. 52 the area would be 



hi+ki 



{xi- 



. kl + d ,d + jr .Jr + kr. ^. 



kr-\-h r 

^ 2 



(^r-yr)4'(^'-|)4'(^''-|)- 




Fio. 52L 

Expanding this and collecting terms, of which many will 
cancel, we obtain 

AeBA-«2 Xlkl+yi{d—hl) +Xrkr+yr(jr—hr) 

}■ 



•\-Zr(d''kr) + ^(hl+hr) 



(61) 



An examination of this formula will show a perfect regu- 
larity in its formation which will enable one to write out a 
similar formula for any section, no matter how irregular or how 
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many points there are, without any of the preliminary work. 
The formula may be expressed in words as follows: 

Aeea equals one-half the sum of products obtained as follows : 

the distance to each slope-stake times the height above grade of 
the point next inside the slope-stake; 

the distance to each intermediate point %n turn times the height of 
the point just inside minus the height of the point just outside; 

finaUy, one-half the width of the roadbed times the sum of the 
slope-stake heights. 

If one of the sides is perfectly regular from center to slope- 
stake, it is easy to show that the rule holds literally good. The 
"point next inside the slope- stake" in this case is the center; 
the intermediate terms for that side vanish. The last term 
must always be used. The rule holds good for three-level sec- 
tions, in which case there are three terms, which may be reduced 
to two. Since these two terms arc both variable quantities for 
each cross-section, the special method, given in § 78, in which 

one term (— I is a constant for all sections, is preferable. In 

the general method, each intermediate "break" adds another 
term. 

83. Volume of an irregular prismoid. This is obtained by 
computing first the approximate volume by '^averaging end 
areas'* or by multiplying the length by the half sum of the end 
areas, as computed from Eq. (61). In other words, the Approx. 

volume =-^Xo (area' + area"). But since each area equals 

one-half the sum of products of width times height (see Eq. (61)) 
we may say that 

25 
Approx. voliune = 27 (summation of width times height) . (62) 

the terms of width times height being like those found within 

the bracket of Eq. (61). 

As before, for partial station lengths, multiply the result by 

(length in feet -h 100). There will be no constant subtractive 

25 
term, ^ob> as in § 79. 

The correction to this approximate volume is found by 
considering that for the purpose of this correction only the end 
sections are considered as "three-level" sections and the cor- 
rection is computed by applying Eq. (60). 
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84. Numerical example; irregular sections; volumf with 

approximate prismoidal correction. Assume the earthwork 

notes as given below, where the roadbed is 18 feet wide in cut 

and the slope is H to 1. Note that the stations read up the 

page and that when the surveyor is looking ahead along the 

line the several combinations of heights and distances out have 

approximately the same relative position on the note book as 

they have on the groimd. For example, beginning at the 

8 9c 
bottom line (Sta. 16) the combination ;r^ means that the 

e^ctreme left-hand point of that section (the "slope stake '0 
is 22.4 feet horizontally from the center and that it is 8.9 feet 
above the required roadbed. The cut (c) would be S.9 feet 
to reach the roadbed, but of course the actual cutting is zero 
p,t the slope stake. The next point is 12.0 feet horizontally 
from the center and 7.6 feet above the road) yed. The cut at 
the center is 6.8 feet. The combinations of dimensions on the 
right-hand side are to be interpreted similarly. 



Sta. 


(cut 
Centers or 

(fill. 


Left. 


Right. 


19 


0.6c 


3.6c 
14.4 






0.1c 0.4c 
4.2 9.6 


18 


2.3c 


4.2c 
15.3 


6.8c 
8.4 


3.2c 
5.2 


1.2c 
10.8 


17 


7.6c 


8.2c 
21.3 


10.2c 
17.4 


8.0c 
6.1 


4.2c 
15.3 


+42 


10.2c 


12.2c 
27.3 




12 6c 

8.2 


6.2c 8.4c 
7.5 21.6 


16 


6.8c 


8.9c 
22.4 




7.6c 
12.0 


3.2c 2.6p 
4.1 12.9 



The numerical computation is greatly facilitated by a sys- 
tematic form as given below. For Sta. 16, the first term is 
"the distance to the left slope stake" (22.4) times "the height 
above grade of the point next inside" (the height being 7.6), 
and we place this pair of figures in the columns of "width" 
and "height." The "distance to the point next inside" is 
12.0 and the "height of the point just inside (6.8) minus the 
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height of tie point just outside" (8.9) equals (—2.1) and these 

25 
are the next pair of widths and heights. Taking ^ of the 

product of each pair of numbers we have the numbers in the 
first column of "yards." The sum of all these numbers in the 

42 
first and second groups multiplied by r^ (that section being 

only 42 feet long) equals 378 cubic yards, the volume by averag- 
ing end areas. The determination of center heights and total 
widths and the application of Eq. (60), to obtain the approxi- 
mate prismoidal correction, is self-evident. 





VOLUME OP IRREGULAR PRISMOID, WITH APPROXIMATE 








PRISMOIDAL CORRBCllON. 


8ta. 


W'th 


H'ght 


Yards. 


Height. 


Total 
width 


(f-d" 


«/'-tr' 


Approx. 
pns.corr. 




22.4 


7.6 


158 




+6.8 


35.3 










12.0 


-2.1 


-23 














16 


1:? 


3.2 


40 
















4.2 


16 
















9.0 


11.5 


96 
















27.3 


12.6 


319 




+ 10.2 


48.9 


-3.4 


+ 13.6 


-14 




8.2 


-|;§ 


-15 














+42 


21.6 


124 
















7.5 


1.8 


13 
















9.0 


20.6 


172 


378 










(-6) 




21.3 


10.2 


201 




+ 7.6 


36.6 


+2.6 


-12.3 


-10 




17.4 


-0.2 


- 3 














17 


6.1 
15.3 


-2.6 
7.6 


-14 
107 
















9.0 


12.4 


103 


584 










(-6) 




15.3 


6.8 


95 




+ 2.3 


26.1 


+ 5.3 


-10.5 


-17 




8.4 


-1.0 


- 7 














18 


5.2 
10.8 


-4.5 
2.3 


-22 
23 
















9.0 


5.4 


45 


628 










(-17) 




14.4 


0.6 


8 




+ 0.6 


24.0 


+ 1.7 


-2.1 


-1 


19 


9.6 


0.1 


1 














4.2 


0.2 


1 
















9 


4.0 


33 


177 










(-1) 



Approx. volume —1667 
Approx. pris. corr. «= - 30 

Corrected volume = 1637 cubic yards 



-30 



$5* Magpitude ef Hie probable error of this metiiod. In 
previpua editions of this work, methods were given for com- 
puting the mathematically exapt volume of a prismoid whose 
endd QQincid& with the '^irregular sections" as measured, and 

Digitized by VnOOQ IC 



98 EAILROAD CONSTRUCTION. § 85. 

whose upper surfaces are assiuned to coincide with the actual 
surface of the ground. As in the previous methods, the "ap- 
proximate volume'' is computed by averaging end areas and 
then a correction is applied. If the end sections have the same 
number of intermediate points on each side, and if it can be as- 
sumed that the corresponding lines in each section are connected 
by plane or warped surfaces, which coincide with the surface of 
the ground, then the mathematically exact or "true" correc- 
tion may be obtained by dividing the volume into elementary 
triangular prismoids, finding the correction for each and adding 
the results. Although such a method appears very complicated, 
it is readily possible to develop a law by means of which the 
true prismoidal correction may be written out (similarly to 
writing out the formula for the area, Eq. (61)) without any 
preliminary calculation. Such a law has a mathematical 
fascination, but it should be remembered that when the groimd 
surface is so broken up that the cross-sections are "irregular" 
it is in general correspondingly rough and irregular between 
the cross-sections, especially when those sections are 100 feet 
apart. It is also true that the cross-sections do not usually 
have the same number of intermediate points on corresponding 
sides of the center. In such a case, unless the actual form of 
the ground between the cross-sections is observed and measured, 
the exact method cannot be used. An extra point in one cross- 
section implies an extra ridge (or hollow) which "runs out" 
or disappears by the time the adjoining section is reached. 
Theoretically a cross-section should be taken at the point where 
such a ridge or. hollow runs out. In general this point will not 
be at an even 100-foot station. The attempt to compute the 
exact prismoidal correction usually gives merely a false appear- 
ance of extreme accuracy to the work which is not justified 
by the results. It should not be forgotten that it is readily 
possible to spend an amount of time on the surveying and 
computing which is worth more than the few cubic yards of 
earth which represents the additional accuracy of the more 
precise method. The accuracy of the office computation should 
be kept proportionate to the accuracy of the cross-sectioning 
in the field. The discussion of the magnitude of the prismoidal 
correction in §§ 72-79 shows that it is small except when the 
two ends of the prismoid are very dissimilar. The dissimiliarity 
between the two ends of a prismoid would be substantially the 
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same whether the ends were actually "irregular "or had "three- 
level" sections, which for each end had the same slope stakes 
and center heights as the irregular sections. Experience proves 
that the approximate prismoidal correction, computed by 
considering the ground as three-level, is so nearly equal to the 
true prismoidal correction that the difference is perhaps no 
greater than the probable difference between the true volume 
of earth and the volume of the geometrical prismoid which is 
assumed to represent that volume. The experienced surveyor 
will take his cross-sections at such places and so close together 
that the warped surfaces joining the sections will lie very nearly 
in the surface or at least will so average the errors that they 
will substantially neutralize each other. 

86. Numerical illustration of the accuracy of the approxi- 
mate rule. The "true" prismoidal correction for the numerical 
case given in § 84 was computed by the method outlined above, 
and on the basis of certain figures as to the vanishing of the 
ridges and valleys found in one section and not found in the 
adjacent sections. The various quantities for the volumes 
between the cross-sections have been tabulated as shown. 





1 


2 


3 


4 


5 


6 


7 


Sections. 




m 


> 


Approx. pris. 

corr. on basis 

of three-level 

ground. 


c4 

■fi 


Approx. voL 
computed 

from center 
and side 

heights only. 


[^CO 

3 


16 

16+42. 
17 


.16+42 
.17 
.18 
.19 


378 
584 
628 
177 


- 5 

- 3 
-16 

- 3 


373 
581 
612 
174 


- 6 

- 6 
-17 

- 1 


-1 
-3 
-1 

+ 2 


396 
677 
463 
147 


-23 
+ 4 
+49 


IS 


+ 27 








1667 


-27 


1640 


-30 


-3 


1683 


+ 57 



There has also been shown in the last two columns the error 
involved if the "intermediate points" had been ignored in 
the cross-sectioning. From the tabular form we may learn that 

1, The differences between the "true" and approximate 
corrections is so small that it is probably swallowed up by errors 
resulting from inaccurate cross-sectioning. 

2. The error which would have been involved in ignoring 
the intermediate points is so very large in comparison with 
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the other coiTesJ)ohding errors that (although it proves nothing 
absolutely definite, being an individual case) the prohabiUHes 
of the relative error from these sources are clearly indicated. 

87. Cross-sectioning irregular sections. The slope stake 
should preferably be determined first, and then the "breaks" 
between the slope stake and the center. When, as is usuaJ, 
the ground is not even between the cross-section just takfen 
and the section at the next 100-foot station, a point should be 
selected fot a cross-section such that the lines to the previous 
section should coincide with the actual surface of the ground as 
Closfely as the accuracy of the work demands. § 94 gives 
a numerical illustration of the magnitude of some of these 
3rrors. Although it is possible for a skillful surveyor to so 
choose his cross-sections in rough and irregular ground that 
the positive and negative errors will nearly balance, it requires 
exceptional skill. Frec(uently the work may be simplified by 
computing separately the volume of a mound or pit, the 
existence of which has been ighored in the regular cross- 
sectioning, 

88. Side-hill work. When the natural slope cuts the roadbed 
there is a necessity for both cut and fill at the same cross-section. 



Fig. 53. 

When this occurs the cross-sections of both cut and fill are often 
so nearly triangular that they may be considered as silch without 
great error, and the volumes may be computed separately as 
triangular prismoids without adopting the more elabol^te form 
of computation so necessary for complicated irre^ar sections. 
When the ground is too irregular for this the, best plan is to 
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foHow the tmiform system.- . -lA computing the oA, As itr Fig. 53. 
the left side would be as usual; there would be a small center 
cut and an ordinate of zero at a short distance to the right of the 
center. Then, ignoring the fiU, and applying Eq. 61 strictly, 
we have two terms for the left side, one for the right, and the 
term involving J6, which will be ibhi in this case, since hr^O, 
and the equation becomes 

Area = ^xiki + yi(d—hi) +Xrd+ ibhil 

The area for fill m&y also be computed by a strict application 
of Eq. 61, but for Fig. 54 all distances for the left side are zero 
and the elevation for the first point out is zero, d also must be 




Fio. 54. 



conside^jed as zero. Following the rule, § 81, literally, the equa- 
tion becomes 

Area(Fm) -='i[xrJcr+yr(o-hr) +zr(o—kr)-\-ih(o-\-hr)], 
which reduces to 

i[Xrkr — yrhr — Zrkr + ihhr]. 

(Note that Xr, hr, etc., have different significations and values 
in this and in the preceding paragraphs.) The *' terminal 
pyramids" illustrated in Fig. 40 are instances of side-hill work 
for very short distances. Since side-hill work always implies 
both cut and fill at the same cross-section, whenever either the 
cut or fill disappears and the earthwork becomes wholly cut or 
wholly fill, that point marks the end of the ''side-hill work." 
and a cross-section should be taken at this point. 
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89. BoriKyv^^ktf! ' ^e crbes-^ctio^' of borrow-pits will vary 
not only on account of the undulations of the surface of the 
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ground, but also on the sides, according to whether they are 
made by widening a convenient cut (as illustrated in Fig. 55) 
or simply by digging a pit. The sides should always be prop- 
rrly sloped and the cutting made cleanly, so 'as to avoid un- 
sightly roughness. If the slope ratio on the right-hand side 
(Fig. 55) is 5, the area of the triangle is Jsm'. The area of the 
section m i[tig+(g+h)v + (h+j)x + (j+k)y + (k+in)z--sm^], J£ 
all the horizontal measiu'ements were referred to one side as 
an origin, a formula similar to Eq. 61 could readily be devel- 
oped, but little or no advantage would be gained on account of 
any simplicity of computation. Since the exact volume of the 
earth borrowed is frequently necessary, the prismoidal correc- 
tion should be computed; and since such a section as Fig. 55 
does not even approximate to a three-level section, the method 
suggested in § 83 cannot be employed. It will then be neces- 
sary to employ the more exact method of dividing the volume 
into triangular prismoids and taking the summation of their 
corrections, found according to the general method of § 72. 

90. Correction for curvature. The volume of a solid, gen- 
erated by revolving a plane area about an axis lying in the 
plane but outside of the area, equals the product of the given 
area times the length of the path of the center of gravity of the 
area. If the centers of gravity of all cross-sections lie in the 
center of the road, where the length of the road is measured, 
there is absolutely no necessary correction for curvatiure. If all 
the cross-sections in any given length were exactly the same and 
therefore had the same eccentricity, the correction for curvature 
would be very readily computed according to the above prin- 
ciple. But when both the areas and the eccentricities vary 
from point to point, as is generally the case, a theoretically exact 
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solution is quite complex, both in its derivation and application. 
Suppose, for simplicity, a curved section of the road, of imiform 
cross-sections and with the center of gravity of every cross- 
section at the same distance e from the center line of the road 
The length of the path of the center of gravity will be to the 
length of the center line as R±e:R, Therefore we have 

True vol,: nominal vol, ::R±e '.R, ,\ True vol,— I A p for 

R 

a volume of uniform area and eccentricity. For any other area 

and eccentricity we have, similarly, True vol/ ^lA' p . This 

shows that the effect of curvature is the same as increasing (or 

diminishing) the area by a quantity depending on the area and 

eccentricity, the increased (or diminished) area being found by 

R-^e 
multipl3dng the actual area by the ratio — ^— • This being 

independent of the value of Z, it is true for infinitesimal lengths. 
If the eccentricity is assumed to vary uniformly between two 
sections, the equivalent area of a cross-section located midway 

between the two end cross-sections would be Amr" 5 . 

K 

Therefore the volume of a solid which, when straight, would be 

— (A'+4Aw+A"), would then become 
o 

Subtracting the nominal volume (the true volume when the 
prismoid is straight), the 



Correction » i^^A' +2A«)6' + (2A« + A")e"1 . 



(63) 



Another demonstration of the same result is given by Prof. 
C. L. Crandall in his "Tables for the Computation of Railway 
and other Earthwork," in which is obtained by calculus methods 
the summation of elementary volumes having variable areas 
with variable eccentricities. The exact application of Eq. 63 
requires that Am be known, which requires laborious computa- 
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tions, but no error worth considering is involved if the equation 
is written approximately 

Curv.corr.^^(A'e'+A''e"), , . . . (64) 

which is the equation generally used. The approximation con- 
sists in assuming that the difference between A' and Am equals 
the difference between A m and A" but with opposite sign. The 
error due to the approximation is always utterly insignificant. 

91. Eccentricity of the center of gravity. The determination 
of the true positions of the centers of gravity of a long series of 
irregular cross-sections would be a very laborious operation, 
but fortunately it is generally sufficiently accurate to consider 
the cross-sections as three-level ground, or, for side-hill work, to 



Fig. 56. 

be triangular, for the purpose of this correction. The eccentricity 
of the cross-section of Fig. 56 (including the grade triangle) may 
be written 

(a-\-d)xi Xi (a-]-d)Xr Xr 
^^ (a-\-d)xi ^ {a-hd)xr ~3 Xi+Xr "a^^'-^''^- ' ^^^> 



The side toward xi being considered positive in the above 
demonstration, if Xr>xi, e would be negative, i.e., the center 
of gravity would be on the right side. Therefore, for three-level 
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> ground, the correction for cilrvature (see Eq. 64) may be written 

Correction = ~ [A^xi' -x/) + A"(a;/' -a;/')]. 
Since the approximate volume of the prismoid is 

in which F' and V" represent the number of cubic yards corre- 
sponding to the area at each station, we may write 

Corr, in cub. yds, = ^V'W -^rO + F"(^i" - Xr")l . (66) 

It should be noted that the value of c, derived in Eq. 65, is 
the eccentricity of the whole area including the triangle under 
the roadbed. The eccentricity of the true area is greater than 
this and equals 

, , true area -f hah 
* true area 

The required quantity (AV of Eq. 64) equals true areaXe^ 
which equals {true area + ia6)Xe. Since the value of e is very 
simple, while the value of e^ would, in general, be a complex 
quantity, it is easier to use the simple value of Eq. 65 and add 
\ab to the area. Therefore, in the case of three-level ground 
the subtractive term |f a6 (§ 79) should not be subtracted in 
computing this correction. For irregular ground, when com- 
puted by the method given in §§ 82 and 83, which does not 
involve the grade triangle, a term f ^ob must be added at every 
station when computing the quantities V and V" for Eq. 66. 

It should be noted that the factor l-^3i?, which is constant 
for the length of the curve, may be computed with all necessary 
accuracy and without resorting to tables by remembering that 

^ 6730 



degree of curve* 



Since it is useless to attempt the computation of railroad 
earthwork closer than the nearest cubic yard, it will frequently 
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be possible to write out all curvature corrections by a simple 
mental process upon a mere inspection of the computation sheet. 
Eq. 66 shows that the correction for each station is of the form 

!.n ' 3i2 is generally a large quantity — ^for a 6® curve 

it is 2865. (xi—Xr) is generally small. It may frequently be 
seen by inspection that the product V(xi—Xr) is roughly twice 
or three times 3-B, or perhaps less than half of SR, so 'that the 
corrective term for that station may be written 2, 3, or cubic 
yards, the fraction being disregarded. For much larger absolute 
amounts the correction must be computed with a correspondingly 
closer percentage of accuracy. 

The algebraic sign of the curvature correction is best deter- 
mined by noting that the center of gravity of the cross-section is 
on the right or left side of the center according as ajr is greater 
or less than a:/, and that the correction is positive if the center of 
gravity is on the otUaide of the curve, and negative if on the 
inside. 

It is frequently found that xi is imiformly greater (or uni- 
formly less) than Xr throughout the length of the curve. Then 
the curvature correction for each station is imiformly positive or 
negative. But in irregular ground the center of gravity is apt 
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to be irregularly on the outside or on the inside of the curve, 
and the curvature correction will be correspondingly positive or 
negative. If the curve is to the right, the correction will be 
positive or negative according as (xi—Xr) is positive or negative; 
if the curve is to the left, the correction will be positive or nega- 
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tive according as (xr—xi) is positive or negative. Therefore 
when computing curves to the right use the form (xi-^Xr) in 
Eqs. 66 and 68; when computing curves to the left use the form 
(xr—xi) in these equations; the algebraic sign of the correction 
will then be strictly in accordance with the results thus obtained. 
92. Center of gravity of side-hill sections. In computing the 
correction for side-hill work the crossnsection would be treated 
as triangular unless the error involved would evidently be too/ 
great to be disregarded. The center of gravity of the triangle 
lies on the line joining the vertex with the middle of the base 
and at } of the length of this line from the base. It is therefore 
equal to the distance from the center to the foot of this line plus 
} of its horizontal projection. Therefore 

'-P4(l-)]4[-.-(l-HH)] 

""4 2^3 12 "^6 

"e'^a 3 

-=jl 2 "'"^^'"^''^ (^^ 

By the same process as that used in § 91 the correction equation 
may be written 

Corr.mcub.yd8.-^[F'(|-4(.ri'-Xr'>) + F"(|- + (x,"-x/0)]. (68) 

It should be noted that since the grade triangle is not used in 
this computation the volume of the grade prism is not involved 
in computing the quantities 7' and F". 

The eccentricities of cross-sections in side-hill work are never 
zero, and are frequently quite large. The total volume is gen- 
erally quite small. It follows that the correction for curvatiu*e 
is generally a vastly larger proportion of the total volmne than 
in ordinary three-level or irregular sections. 

If the triangle is wholly to one side of the center, Eq. 67 can 
still be used. For example, to compute the eccentricity of the 
triangle of fill, Fig. 57, denote the two distances to the slope- 
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stakes by t/r and —yi (note the minus sign). Applying Eq. 67 
literally (noting that — must here be considered as negative in 
order to piake the notation consistent) we obtain 



'-3 



l[-l + (-2//-2/r)J, 



which reduces to 



= -|-| |-+2/z+2/rJ. . . • . . (69) 



As the algebraic signs tend to create confusion in these 
formulse, it is more simple to remember that for a triangle 
lying on poth sides of the center e is always numerically equal 

to--; ^-{-(xi'^Xr) , and for a triangle entirely on one side, e ia 

1 r^ 

numerically equal to— 2+*^® '^"^^^^'^l sum of the two dis- 
tances out]. The algebraic sign of e is readily determinable as 
in § 91. 

93. Example of curvature correction. Assume that |ihe till in 

§ 79 occurred on a 6° curve to the right, ;rp= . The 

oK 2oo5 

quantities 210, 507, etc., represent the quantities V, F", etc., 

since they include in each case the 61 cubic yards due to the 

grade prisin. Then 



Vjxi ' ^xr) 210(22.9-8.2) 3101.7 ^ 
ZR ^ 2865 "^ 2865 "^ 



The sign is plus, since the center of gravity of the cross-sec- 
tion is on the left side of the center and the road curves to the 
right, thus making the true volume larger. For Sta. 18 the 
correction, computed similarly, is 4-3, and the correptiop for 
the whole section is 1 4-3=4. For Sta. 184-40 the correction 
is computed as 6 yards. Therefore, for the 40 feet, the correc- 
tion is T*ou(3 + 6) =3.6, which is called 4. Computing the others 
similarly we obtain a total correction of 4- 16 cubic yards. 
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94. Accuracy of earthwork computations. The precediBg 

methods give the precise volume (except where approximations 
are distinctly admitted) of the prismoids which are supposed to 
represent the volume of the earthworic. To appreciate the 
accuracy necessary in cross-secticHiing to obtain a given accuracy 
in volume, consider that a fifteen-foot length of the cross-section, 
which is assumed to be straight, really sags 0.1 foot, so that the 
cross-section is in error by a triangle 15 feet wide and 0.1 foot 
high. This sag 0.1 foot high would hardly be detected by the 
eye, but in a length of 100 feet in each direction it would make 
an error of volume of 1.4 cubic yards in each of the two pris- 
moids, assuming that the sections at the other ends were perfect. 
If the cross-sections at both ends of a prismoid were in error by 
this same amount, the volume of that prismoid would be in error 
by 2.8 cubic yards if the errors of area were both plus or both 
minus. If one were plus and one minus, the errors would 
neutralize each other, and it is the compensating character of 
these errors which permits any confidence in the results as 
obtained by the usual methods of cross-sectioning. It demon- 
strates the utter futility of attempting any closer accuracy than 
the nearest cubic yard. It will thus be seen that if an error 
really exists at any cross-section it involves the prismoids on 
both sides of the section, even though all the other cross-sections 
are j)erfect. As a further illustration, suppose that cross-sec- 
tions were taken by the method of slope angle and center depth 
(§ 74), and that a cross-section, assumed as uniform, «ags 0.4 
foot in a width of 20 feet. Assume an equal error (of same 
sign) at the other end of a 100-foot section. Th^ error of 
volume, for that one prismoid is 38 cubic yards. 

The computations further assume that the warped surface, 
passing through the end sections, coincides with the si|rface of 
the ground. Suppose that the cross-sectioning had been done 
with matheipatical perfection; and, to assume a simple case, 
suppose a sag of 0.5 foot between the sections, which causes an 
error equal to the volume of a pyramid having a base of 20 fee^ 
(in each cross-section) times 100 feet (between the cross-sec- 
tions) and a height of 0.5 foot. The volume of this pyramid is 
§(20XlOO)X0.5=333 cub. ft. = 12 cub. yds. And yet this sag 
or hump of 6 inches would generally be utterly unnoticed, or 
at least disregarded. 

When the ground is very rough and broken it is sometimes 
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practically impossible, even with frequent cross-sections, to 
locate warped surfaces which will closely coincide with all the 
sudden irregularities of the ground. In such cases the compu- 
tations are necessarily more or less approximate and dependence 
must be placed on the compensating character of the errors. 

95. Approximate computations from profiles. When a 
"paper location" has been laid out on a topographical niap 
having contours, it is possible to compute approximately the 
amoimt of earthwork required by some very simple and rapid 
ccflculations. A profile may be readily drawn by noting the 
intersections of the proposed center line with the various con- 
tours and plotting the surface line on profile paper. Drawing 
the grade-line on the profile, the depth of cut or fill may be 
ecaled off at any point. When it is only desired to obtain 
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very quickly an approximate estimate of the amount of earth-* 
work required on a suggested line, it may be done by the method 
described m § 75, or by the use of Table XXXIII. But the 
assumption that the surface of the ground at each cross-section 
is level invariably has the* effect that the estimated volumes 
are not as large as those actually required. The difference 
between the "level section*' hkms and the actual slope section 
hknq equals the difference between the triangles mon and oqs, 
and this difference equals the shaded area mpn. The excess 
volume is proportional to the area of the triangle mpn. This 
area may be expressed by the formula. 

Area mpn=2iib+d cot ^y ;; ^ — ^ 

'^ cos 2a— cos 2^ 
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The percentage of this excess area to the nominal area hkm$ 
therefore depends on the dimensions b and d and the angles a 
and p. A solution of this equation for ninety different com* 
binations of various numerical values for these four variables 
is included m Table XXXIII for the purpose of making cor- 
rections. A study of this correction table points conclusively 
to the following laws, a thorough imderstanding of which will 
enable an engineer to appreciate the degree of accuracy which 
is attainable by this approximate method: 

(a) Increasing the vndth of the roadbed (6), the other three 
factors remaining constant, increases the percentage of error^ 
but the increase is comparatively small. 

(6) Increasing the depth of cut or fill (d), decreases the per- 
centage of error, but the decrease is almost insignificant. 

(c) Increasing the angle of the side slopes (fi) decreases the 
percentage of error, the decrease being very considerable. 

(d) Increasing the angle of the slope of the ground (a), 
increases the percentage of error, the percentage rapidly in- 
creasing to infinity as the value of a approaches that of fi. 
This is another method of stating the fact that a must always 
be less than fi and, practically, must be considerably less, so 
that the slope stake shall be within a reasonable distance from 
the center. 

Since the above value for the corrective area is a function of 
the angle a, which is usually variable and whose value is fre- 
quently known only approximately, it is useless to attempt 
to apply the correction with great precision, and the following 
rules will usually be found amply accurate, considering the 
probable lack of precision in the data used. 

1. For embankments or cuts, having a slope of 1.5:1, and 
with a surface slope of 5° (nearly 9%) the excess of true area 
over nominal area is about 2%. There is only a slight varia- 
tion from this value for all ordinary depths {d) and widths (6) 
of roadbed. Therefore the nominal volume would be about 2% 
too small. On the other hand, the effect of the prismoidal 
correction is such that, even with truly level sections, the 
nominal volume is too large. See §§76 and 76. The amoimt 
of the prismoidal correction depends on the differences betwieen 
successive center depths. In the very ordinary numerical 
case given in § 76, the correction was nearly 3%, which more 
than neutralizes the error due to surface slope. Therefore in 
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matiy ccuses on elightly sloping ground the error due to the 
surface elope will so nearly neutralize the prismoidal correc- 
tion that the quantities taken directly from the tables (without 
correction for either cause) will equal the true volume with as 
close an approach to accuracy as the precision of the surveying 
will permits 

2. For a cut with a slope of 1:1, and with a surface slope of 
5° the error is about 1%. This will be neutralized by still 
smaller prismoidal corrections. Therefore, for surface slopes 
of 5® or less, no allowance should be made for this error imless 
the prismoidal correction is also considered. 

3. When the surface slope is 10° (nearly 18%) the error for 
a 1.5:1 slope is from 7% to 10% and for a 1:1 slope from 3% 
to 5%. 

4. For a 30^ surface slope and 1.5:1 side slopes the excess 
volume is three or four times the nominal volume. Such a 
steep Surface slope implies the probability of "side-hill work" 
to which the above corrective rules are not applicable. When 
the surface slopes are very steep careful work must be [done 
to avoid excessive error. For a 1:1 side slope, the errors are 
from 60% to 80%. 

A still closer approximation, especially for the steeper surface 
slopes, may be obtained by using, directly or by interpolation, 
figures from the corrective tabular form which forms part of 
Table XXXIII. Unless the surface slope angle is known 
accurately (especially when large) no great accuracy in the 
final result is possible. Close accuracy would also require the 
determination of the prismoidal correction. But if such close 
accuracy is deemed essential, it can be most easily obtained 
liy accurate cross-sectioning at each station and the adoption 
of other methods of computation — such as are given in §§ 83 
and 84. 

When the contours have been drawn in for a sufficient 
distance on either side to include the position of both slope 
stakes at every station, as will usually be the case, cross-sections 
may be obtained by drawing lines on the map at each station 
perpendicular to the center line— see Fig. 4. The intersection 
of these lines with the contours will furnish the distances for 
drawing on cross-section paper the transverse profile at each 
station. Drawing on the same cross-section the lines repre- 
senting the roadbed and the side slopes, the cross-section of 
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cut (or fill) is complete and its area may be obtained by scaling 
from the cross-section paper. If the contours have been 
located on the map with sufficient accuracy, such a method 
will determine the cross-sectional area very closely. When 
crossHsections have been taken with a wye- or hand-level, as 
described in § 12, the cross-sections as plotted will probably 
be more accurate than when the contours are rim in from 
points determined by the stadia method. In fact this semi- 
graphical method is frequently used, in place of the purely 
numerical methods described in previous sections, to make 
final estimates of the volume of earthwork. 

As a munerical example, an assumed location line was laid 
out on the contours given in Fig. 4. The volume of cut, as 
determined by Table XXXIII for a roadbed 20 feet wide, with 
side slopes of 1:1, was 5746 cubic yards. The surface slope 
varied from 3° to 11°. Computing the corrections by a careful 
interpolation from the corrective table, the total correction was 
found to be 128 cubic yards, or an average of a little over 2%. 
On the other hand the negative prismoidal correction amounts 
to 72 cubic yards, which leaves a net correction of 56 cubic 
yards — about 1%. It so happens that in this case a correction 
for curvature would tend further to wipe^out this correction. 
These figures merely verify numerically the general conclusions 
stated above, although it should not be forgotten that in indi- 
vidual cases the figures taken from Table XXXIII require 
ample correction. 

The following approximate rule, for which the author is 
indebted to Mr. W. H. Edinger, is exceedingly useful when it 
is desired to rapidly determine the approximate volume of 
earthwork between two points along the road. Its great merit 
lies in the fact that it only means the memorizing of a com- 
paratively simple rule which will make it possible to make 
such computations in the field, without the use of tables. The 
rule is based on the fact that the area of any level section equals 
W + «i^ ; and therefore, 

S(vol.)-(6Sci+8Srf2)^, 
't in which L is usually 100 feet. For strict accuracy this would 



only be the volume provided the total length, was an even num- 
ber of hundred feet, and the various values of d represented 
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the depths which were uniform for hundred foot sections. It 
makes no allowance for the comparatively large prismoidal 
error of the pyramidal and wedgenshaped sections usually found 
at each end of a cut or fill, but where an approximate estimate 
is desired, in which this inaccuracy may be neglected, the 
method is very useful. The method of applying this rule with- 
out tables may best be illustrated by a simple numerical ex* 
ample. Assume that the levels on a stretch of fairly level 
ground, which is about 500 feet long, have been taken, the depths 
being tsCken at points 100 feet apart, the first and last points 
being about 40 or 50 feet from the ends of the cut, or fill. The 
depths are as given in the first colunm in the tabular form 
below; the slope is 1.5: 1, and the breadth (6) is 14 feet. 



.\\^ 



d 


d» 


1.6 


2.56 


2.8 


7.84 


4.5 


20.25 


3.1 


9.61 


0.9 


.81 


Sd=. 12.9 


Sd*=41.07 


• 14 


20.53 


5Sd=180.6 


sSd»=61.60 


61.60 




242.2 




24220-^27 = 


=897 cubic yards. 



The 180.6 is the b'Ld and the 61.6 is sXd^; adding these and 
moving the decimal point two places to multiply by 100, we 
only have to divide by 27 to obtain the value in cubic yards. 
Although the above rule requires more work than the employ- 
ment of earthwork tables, yet it is a very convenient method 
of estimating the approximate volume of a short section of 
earthwork when no tables are at hand. 

96. Shrinkage of earthwork. The statistical data indicating 
the amount of shrinkage is very conflicting, a fact which is 
probably due to the following causes: 

1. The various kinds of earthy material act very diifferently 
as respects shrinkage. There is a great lack of uniformity in 
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the classification of earths in the tests and experiments which 
have been made. 

2. Very much depends on the method of forming an embank- 
ment (as will be shown later). Different reports have been 
based on different methods — often without mention of the 
method. 

3. An embankment requires considerable time to shrink to 
its final volume, and therefore much depends on the time 
elapsed between construction and the measurement of what is 
supposed to be the settled volume. 

4. A soft subsoil will frequently settle under the weight of a 
high embankment and apparently indicate a far greater shrink- 
age than the actual reduction in volume. 

5. An embankmeut of very soft material will sometimes 
"mush" or widen at the sides, with a consequent settling of 
the top, due to this cause alone. 

This subject has called forth much discussion in the technical 
press and literature. Quotations can be made of figures cover- 
ing a large range of values, but space will only permit the 
statement of the conclusions which may be drawn from the 
large mass of testimony which has been presented. 

1. Volume of loose material. When material of any character 
is excavated and deposited loosely in a pile, its volume is 
always largely in excess of the volume of the excavation. 
Solid rock will occupy from 60% to 80% m^e space when 
broken up than when solid. A soft earth will have an excess 
volume of about 20% to 25%. 

2. Effect of method of depositing. When material is de- 
posited loosely, as from a trestle, the excess of volume when 
the embankment is just completed is very large. The time 
required for final settlement is also very great. When an 
embankment is formed by the wheelbarrow method, the initial 
expansion is about as great as when the material is merely 
dumped from cars. When the material is deposited in small 
increments from wagons and each layer is subjected to com- 
pression from horses' hoofs and from wheels, the contraction 
during construction is far greater and the additional shrinkage 
is comparatively small. Wheeled scrapers and drag scrapers 
will produce even more initial compression. 

3. Tim^ required for final settlement. This depends partly 
on the method of formation and also on the character of the 
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material. When a soft loamy soil is deposited loosely, the dry- 
ing out of the soil during the first long dry season will develop 
large cracks. Subsequent rains will close these cracks by a 
general contraction of the whole mass. When the embank- 
ment is loosely formed it may take two years before additional 
settlement becomes inappreciable, but when the method of 
deposition ensures compression during construction the subse- 
quent shrinkage is less in time as well as amount. 

4. Classification of soils with respect to shrinkage. Loose 
vegetable surface soil will expand very greatly when excavated 
and first deposited, but will subsequently shrink to considerably 
less than its original volume. Clay soils are next in order 
and the sandy and gravelly soils come at the other end of 
the list of earthy materials. Rock expands very greatly when 
first broken up and deposited and there is no appreciable sub- 
sequent shrinkage. 

97 Proper allowance for shrinkage. Specifications for the 
Mississippi River levees require that there shall be a 10% 
shrinkage allowance for embankments formed by team work 
and 25% allowance for wheelbarrow work. It is contended 



that such figures are only justified bepause the subsoil settles 
or because the er^bankments mush out at the sides, and that 
if these effects do not occur the levees are permanently higher 
than designed. 

It is usual to require that embankments shall be constructed 
higher than their desired ultimate, as shown in Fig. 59. Since 
the base does not contract, the contraction may be said to 
be all vertical. Since a high embankment will unquestionably 
shrink a greater total amount than a low embankment (what- 
ever the percentage), it follows that an embankment having 
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variable heights (as usual) should have an initial grade-line 
somewhat like the dotted line adc in Fig. 60. Although some 
such method is essential if there is to be no ultimate sag below 
the desired grade-line, the policy is sharply criticized. The 
grade ad, even though temporary, may prove objectionable 
from an operating standpoint. Frequently the allowance is 
made too great or this shrinkage is not as much as anticipated, 
and it becomes necessary to cut off the top of the bank. On 
the other hand, the expense of raising the track after the road 
is in operation and the inevitable loss of ballast is so great 
that the danger of being required to fill up a sag should be 
avoided if possible. 



Fio. 60. 

A sharp and clear distinction should be made between the 
coefficient of extra height of an embankment and the coefficient 
of shrinkage which determines how many cubic yards of settled 
embankment may be made from a definite volunae of earth or 
rock measured in the excavation. The values quoted above 
for the Mississippi levees (from 10% to 25%) refers usually 
to a very soft soil and includes the effects other than actua! 
contraction of volume. From 8% to 15% is usually quoted ae 
the required extra height of embankments, although it is 
strenuously claimed by many that 3% or 2% is sufficient, 
or even that no allowance should be made. 

The coefficients to determine the amount of settled embank- 
ment which may be made from a given volume of earth or 
rock measured in the excavation, are necessarily subject to 
variation on account of the method employed and the amount 
of compression and settlement which will take place during 
the progress of the work. The following figures have the 
weight of considerable authority but, if in error, the coefficients 
are probably high rather than low: 
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Gravel or sand about 8% 

Clay '' 10% 

Loam " 12% 

Loose vegetable surface soil " 15% 

It may be noticed from the above table that the harder and 
cleaner the material the less is the contraction. Perfectly clean 
gravel or sand would not probably change volume appreciably. 
The above coefficients of shrinkage and expansion may be used 
to form the following convenient table: 



Material. 


To make 1000 cubic 

yards of embankment 

will require 


1000 cubic yards 
measured in exca- 
vation will make 


Gravel or sand 


10S7 cubic yards 
1111 ♦• 
1136 *• 
1176 *• 
714 •• 
625 •• 
measured in excavation 


920 cubic yards 


Clay 


900 *• 


Loam 


880 •• 


Loose vegetable soil 

Rock, large pieces 

* * small * ' 


850 •• 
1400 •• 
1600 •• 
of embankment. 



Since writing the above the following values have been 
adopted by the American Railway Engineering and Mainte- 
nance of Way Association as representing standard practice: 



Coefficients op Shrinkage Allowance 
Earthwork. 



FOR Depositing 





Trestle filling. 


Raising under traffic. 


Black dirt 


6% 


6% 


Clay 


6% 


Sand 


6% 







98. Methods of forming embankments. Embankments of 
moderate height are sometimes formed by scraping material 
with drag scrapers from ditches at the sides, especially if there 
is little or no cutting to be done in the immediate vicinity. 
Over a low level swampy stretch this method has the double 
advantage of building an embankment which is well above 
the general level and also provides generous drainage ditches 
which keep the embankment dry. Wheeled scrapers may be 
used economically up to a distance of 400 feet to excavate 
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Cilia and deposit the material on low embankments. Such 
methods have the advantage of compacting the embankments 
during construction and reducing future shrinkage. 

When carts are used, an embankment of any height may be 
formed by "dumping over the end" and building to the full 
height (or even higher to allow for shrinkage) as the embank- 
ment proceeds. The method is especially applicable when the 
material comes from a place as high as or higher than the 
grade-line, so that no up-hill hauling is necessary. Only a 
small contractor's plant is required for all of these methods. 

Trestles capable of carrying carts, or even cars and loco- 
motives, from which excavated material may be dropped, are 
found to be economical in spite of the fact that their cost is a 
construction expense. There is the disadvantage that such 
embankments require a long time to settle, but there are the 
advantages that the earth may be hauled by the train load 
from a distance of perhaps several miles, dumped from the 




Fia. 61, 



cars by train ploughs, or automatically dumped when the 
material is carried in patent dumping-cars, and all at a com- 
paratively small cost per cubic yard. The disadvantages of 
slow settlement may be obviated, although at some additional 
cost, by making the trestle sufficiently strong to support regular 
traffic \mtil the settlement is complete. 

During recent years cableways have been utilized to fill 
comparatively narrow but deep ravines from material obtain- 
able on either side of the ravine. This method obviates the 
construction of an excessively high trestle which might other- 
wise be considered necessary. 

When an embankment is to be placed on a steep side hill 
which has a slippery clay surface, the embankment will some- 
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times slide down the hill, unless means are taken to prevent 11^. 
Some sort of bond between the old surface and the new material 
becomes necessary. This has sometimes been provided by 
cutting out steps somewhat as is illustrated in Fig. 61. It is 
possible that a deep ploughing of the surface would accom- 
plish the result just as effectively and much cheaper. The 
tendency to slip is generally due not only to the nature of the 
soil but also to the usual accompanying characteristic that the 
soil is wet and springy. The sub-surface drainage of such a 
place with tile drains will still further prevent such slipping, 
which often proves very troublesome and costly. 

COMPUTATION OP HAUL. 

99. Nature of subject As will be shown later when analyz- 
ing the /Cost of earthwork, the most variable item of cost is that 
depending on the distance hauled. As it is manifestly imprac- 
ticable to calculate the exact distance to which every individual 
cartload^of earth has been moved, it becomes necessary to devise 
a means which will give at least an equivalent of the haulage of 
all the earth moved. Evidently the average haul for any mass 
of earth moved is equal to the distance from the center of grav- 
ity of the excavation to the center of gravity of the embank- 
ment formed by the excavated material. As a rough approxi- 
mation the center of gravity of a cut (or fill) may sometimes be 
considered to coincide with the center of gravity of that part of 
the profile representing it, but the error is frequently very large. 
The center of gravity may be determined by various methods, 
but the method of the ''mass diagram" accomplishes the same 
ultimate purpose (the determination of the haul) with all-suffi- 
cient accuracy and also furnishes other valuable information. 

100. Mass diagram. In Fig. 62 let A'B' . . .0' represent 
a profile and grade line drawn to the usual scales. Assume A' 
to be a point past which no earthwork will be hauled. Such 
a point is determined by natural conditions, as, for example, a 
river crossing, or one end of a long level stretch along which 
no grading is to be done except the formation of a low embank- 
ment from the material excavated from ample drainage ditches 
on each side. Above the profile draw an indefinite horizontal line 
{ACn in Fig. 62), which may be called the "aero line." Above 
every station point in the profile draw an ordinate (above orbe- 
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low the zero line) which will represent the algebmic sum d 
the cubic yards of cut and fill 
(calling cut -f and fill — ) from 
the point A' to the point con- 
sidered. The computations of 
these ordinates should first be 
made in tabular form as shown 
below. In doing this shrinkage 
must be allowed for by consider- 
ing how much embankment 
would actually be made by so 
many cubic yards of excavation 
of such material. For example, 
it will be found that 1000 cubic 
yards of sand or gravel, measured 
in place (see § 97), will make 
about 920 cubic yards of embank- 
ment; therefore all cuttings in 
sand or gravel should be dis- 
counted in about this propor- 
tion. Excavations in rock should 
be increased in the proper 
ratio. In short, all excavations 
should be valued according to the 
amount of aeilled embankment 
that could be made from them. 
Place in the first column a list 
of the stations; in the second 
column,the numberof cubicyards 
of cut or fill between each station 
and the preceding station; in 

the third and fourth columns, the kind of material and the proper 
shrinkage factor; in the fifth column^ a repetition of the quan- 
tities in cubic yards, except that the excavations are diminished 
(or increased, in the case of rock) to the number of cubic yards 
of settled embankment which may be made from them. In 
the sixth column place the algebraic sum of the quantities in the 
fifth column (calling cuts + and fills -) from the starting- 
point to the station considered. These algebraic sums at each 
station will be the ordinates, drawn to some scale, of the mass 
curve. The scale to be used will depend somewhat on whether 
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the work is heavy or light, but for ordinary cases a scale of 
5000 cubic yards per inch may be used. Drawing these ordi- 
nates to scale, a curve A , B, . . . G may be obtained by joining 
the extremities of the ordinates. 



Sta. 


YardslSlfl 


Material. 


Shrinkage 
factor. 


Yards, 

reduced 

for 

shrinkage. 


Ordinate 
in mass 
curve. 


46 4- 70 













47 
48 

+ 60 
49 
60 


+ 195 
+ 1792 
+ 614 

- 143 

- 906 

- 1985 

- 1721 

- 112 
+ 177 
+ 180 

- 62 

- 71 
+ 276 
+ 1242 
+ 1302 


Clayey soil 


- 10 per cent 

- 10 

- 10 


+ 175 
+ 1613 
+ 653 

- 143 

- 906 

- 1985 

- 1721 

- 112 
+ 283 
+ 289 

- 52 

- 71 
+ 249 
+ 1118 
+ 1172 


+ 175 
+ 1788 
+ 2341 
+ 2198 
+ 1292 


51 






- 693 


52 






— 2414 


+ 30 






- 2526 


53 

+ 70 
54 


Hard rock 


+ 60 per cent 
+ 60 


- 2243 

- 1954 

- 2006 


+ 42 






— 2077 


65 
56 
67 


Clayey soil 


- 10 per cent 

- 10 

- 10 


- 1828 

- 710 
+ 462 



loi. Properties of the mass curve. 

1. The curve will be rising while over cuts and falling while 
over fills. 

2. A tangent to the curve will be horizontal (as at B, D, E, 
F, and G) when passing from cut to fill or from fill to cut. 

3. When the curve is below the "zero line" it shows that 
material must be drawn backward (to the left) ; and vice versa, 
when the curve is above the zero line it shows that material 
must be drawn forward (to the right) . 

4. When the curve crosses the zero line (as at A and C) it 
shows (in this instance) that the cut between A' and B' will just 
provide the material required for the fill between B' and C, and 
that no material should be hauled past C, or, in general, past 
any intersection of the mass curve and the zero line. 

5. If any horizontal line be drawn (as a6), it indicates that 
the cut and fill between a' and 6' will just balance. 

6. When the center of gravity of a given volume of material 
is to be moved a given distance, it makes no difference (at least 
theoretically) how far each individual load may be hauled or 
how any individual load may be disposed of. The summation 
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of the products of each load times the distance hauled will be a 
constant, whatever the method, and will equal the total volume 
times the movement of the center of gravity. The average 
haul, which is the movement of the center of gravity, will there- 
fore equal the summation of these products divided by the total 
volume. If we draw two horizontal parallel lines at an infini- 
tesimal distance dx apart, as at ah, the small increment of cut 
dx at a' will fill the corresponding increment of fill at 6', and 
this material must be hauled the distance ah. Therefore the 
product of ah and dx, which is the product of distance times 
volume, is represented by the area of the infinitesimal rectangle 
at ah, and the total area ABC represents the summation of 
volume times distance for all the earth movement between A' 
and C. This summation of products divided by the total 
volume gives the average haul. 

7. The horizontal line, tangent at E and cutting the curve 
at e, f, and g, shows that the cut and fill between c' and E' will 
just balance, and that a possible method of hauling (whether 
desirable or not) would be to ** borrow" earth for the fill between 
C" and e', use the material between D' and E^ for the fill between 
e' and D', and similarly balance cut and fill between E^ and f* 
and also between /' and g\ 

8. Similarly the horizontal line hklm may be drawn cutting 
the curve, which will show another possible method of hauling. 
According to this plan, the fill between C and h^ would be 
made by borrowing; the cut and fill between h' and A;' would 
balance; also that between A;' and V and between V and m'. 
Since the area ehDkE represents the measure of haul for the 
earth between e' and E', and the other areas measure the corre- 
sponding hauls similarly, it is evident that the sum of the areas 
ehDkE and ElFmf, which is the measure of haul of all the 
material between e' and /', is largely in excess of the sum of 
the areas hDk, kEl, and IFm, plus the somewhat uncertain 
measures of haul due to borrowing material for e^h' and wasting 
the material between m' and /'. Therefore to make the meas- 
ure of haul a minimum a line should be drawn which will make 
the sum of the areas between it and the mass curve a minimum. 
Of course this is not necessarily the cheapc3t plan, as it implies 
more or less borrowing and wasting of material, which may 
cost more than the amount saved in haul. The comparison of 
the two methods is quite simple, however. Since the amount 
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of fill between c' and h' is represented by the difference of the 
ordinates at e and h, and similarly for mf and /', it follows that 
the amount to be borrowed between c' and h' will exactly equal 
the dmbunt wasted between m' and /'. By the first of the above 
methods the haul is excessive, but is definitely known from the 
mads diagram) and all of the material is utilized ; by the secdnd 
method the haul is reduced to about one-half, but there is a 
known quantity in cubic yards wasted at one place and the same 
quantity borrowed at another. The length of haul necessary 
for the borrowed material would need to be ascertained; also 
the haul necessary to waste the other material at a place where 
it would be unobjectionable. Frequently this is best done by 
widening an embankment beyond its necessary width. The 
computation of the relative cost of the above methods will be 
discussed later (§116). 

9. Suppose that it were deemed best, after drawing the mass 
eurve, to introduce a trestle between s' and v', thus saving an 
amount in fill equal to iv. If such had been the original design, 
the mass curve would have been a straight horizontal line between 
8 and t and would continue as a curve which would be at all 
points a distance iv abbve the curve vFmzjOg. If the hne Ef is 
to be used as a zero line, its intersection with the new curve at x 
will show that the material between E' and z' will just balance 
if the trestle is used, and that the amount of haul will be meas- 
ured by the area between the line Ex and the broken line Estx. 
The same computed result may be obtained without drawing 
the auxiliary curve txn ... by drawing the horizontal line zy 
at a distance xz{ =tv) below Ex, The amount of the haul can 
then be obtained by adding the triangular area between Es and 
the horizontal line Ex, the rectangle between si and Ex, and the 
irregular area between vFz and y , . . z (which last is evidently 
equal to the area between tx and E , . ,x). The disposal of the 
material at the right of z' would then be governed by the indica- 
tions of the profile and mass diagram which would be found at 
the right of g\ In fact it is difficult to decide with the best of 
judgment as to the proper disposal of material without having 
a mass diagram extending to a considerable distance each side 
of that part of the road under immediate consideration. 

102. Area of the mass curve. The area may be computed 
most readily by means of a planimeter, which is capable with 
reasonable care of measuring such areas with as great accuracy 
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as is necfessary for this work. If no such instrument is obtain- 
able, the areA may be obtained by an application of " Simpson's 
rule." The ordinates will usually be spaced 100 feet apart. 
Select an even number of such spaces, leaving, if necessary, bne 
or more triangles or trapezoids at the ends for separate and 
independent comtjutation. Let y^, . .ynhe the ordinates, i.e., 
the number of cubic yArds at each station of the mass curve, or 
the figures of "column six" referred to in § 100. Let the uni- 
form distance between ordinates (-=100 feet) be called 1, i.e., 
one stdtion. Then the units of the resulting area will be cubic 
yards hauled one station. Then the 

Arca=^ityo+4(yi+2/a-^ . • .y(n-D+2(i/2+»4+ . . .y(n--j)+f^jj. (70) 

When an ordinate occurs at a substation, the best plan is to 
ignore it at first and calculate the area as above. Then, if the 
difference involved is too great to be neglected, calculate the 
area of the triangle having the extremity of the ordinate at the 
substation as an apex, and the extremities of the ordinates at the 
adjacent stations as the ends of the base. This may be done by 
finding thfe ordinate at the substation that would be a propor- 
tional between the ordinates at the adjacent full stations. Sub- 
tract this from the real ordinate (or vice versa) and multiply the 
difference by Jxl. An inspection will often show that the 
correction thus obtained would be too small to be worthy of con- 
sideration. If there is more than one substation between two 
full stations, the corrective area will consist of two triangles and 
one or more trapezoids which may be similarly computed, if 
necessary. 

When the zero line (Fig. 62) is shifted to eE, the drop from 
AC (produced) to E is known in the same units, cubic yards. 
This constant may be subtracted from the numbers ("column 
6," § 100) representing the ordinates, and will thus give, with- 
out any scaling from the diagram, the exact value of the modi- 
fied ordinates. 

103. Value of the mass diagram. The great value of the mass 
diagram lies in the readiness with which different plans for the 
disposal of material may be examined and compared. When 
the mass curve is once drawn, it will generally require only a 
shifting of the horizontal line to show the disposal of the material 
by any proposed method. The mass diagram also shows the 
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extreme length of haul that will be required by any proposed 
method of disposal of material. This brings into consideration 
the "limit of profitable haul/' which will be fully discussed in 
§ 116. For the present it may be said that with each method 
of carrying material there is some limit beyond which the expense 
of hauling will exceed the loss resulting from borrowing and 
wasting. With wheelbarrows and scrapers the limit of profit- 
able haul is comparatively short, with carts and tram-cars it is 
much longer, while with locomotives and cars it may be several 
miles. If, in Fig. 62, eE or Ef exceeds the limit of profitable 
haul, it shows at once that some such line as hklm should be 
drawn and the material disposed of accordingly. 

104. Changing the grade line. The formation of the mass 
curve and the resulting plans as to the disposal of material are 
based on the mutual relations of the grade line and the surface 
profile and the amounts of cut and fill which are thereby im- 
plied. If the grade line is altered, every cross-section is altered, 
the amount of cut and fill is altered, and the mass curve is also 
changed. At the farther limit of the actual change of the grade 
line the revised mass curve will have (in general) a different 
ordinate from the previous ordinate at that point. From that 
point on, the revised mass curve will be parallel to its former 
position, and the revised curve may be treated similarly to the 
case previously mentioned in which a trestle was introduced. 
Since it involves tedious calculations to determine accurately 
how much the volume of earthwork is altered by a change in 
grade line, especially through irregular countr3c^the effect on 
the mass curve of a change in the grade line cannot therefore 
be readily determined except in an approximate way. Raising 
the grade line will evidently increase the fills and diminish the 
cuts, and vice versa^ Therefore if the mass curve indicated, for 
example, either an excessively long haul or the necessity for 
borrowing material (implying a fill) and wasting material 
farther on (implying a cut), it would be possible to diminish the 
fill (and hence the amount of material to be borrowed) by lower- 
ing the grade line near that place, and diminish the cut (and 
hence the amount of material to be wasted) by raising the 
grade hne at or near the place farther on. Whether the advan- 
tage thus gained would compensate for the possibly injurious 
effect of these changes on the grade line would require patient 
investigation. But the method outlined shows how the 
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oxiTve might be used to indicate a possible change in grade line 
which might be demonstrated to be profitable. 

105. Limit of free haul. It is sometimes specified in con- 
tracts for earthwork that all material shall be entitled to free 
haul up to some specified limit, say 500 or 1000 feet, and that 
all material drawn farther than that shall be entitled to an 
allowance on the excess of distance. It is manifestly imprac- 
ticable to measure the excess for each load, as much so as to 
measure the actual haul of each load. The mass diagram also 
solves this problem very readily. Let Fig. 63 represent a pro- 
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file and mass diagram of about 2000 feet of road, and suppose 
that 800 feet is taken as the limit of free haul. Find two points, 
a and h, in the mass curve which are on the same horizontal line 
and which are 800 feet apart. Project these points down to a' 
and b\ Then the cut and fill between a' and 6' will just balance, 
and the cut between A ' and a' will be needed for the fill between 
h' and C\ In the mass curve, the area between the horizontal 
line ab and the curve aBb represents the haulage of the material 
between a' and 6', which is all free. The rectangle ahmn repre- 
sents the haulage of the material in the cut A^a' across the 800 
feet from a' to h\ This is also free. The sum of the two areas 
Aam and bnC represents the haulage entitled to an allowance, 
since it is the summation of the products of cubic yards times 
the excess of distance hauled. 
If the amount of cut and fill was symmetrical about the point 
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B', the mass curve would be a symmetrical curve about the 
vertical line through B, and the two limiting lines of free haul 
would be placed symmetrically about B and B\ In general 
there is no such symmetry, and frequently the difference is con- 
siderable The area aBhnm will be materially changed accord- 
ing as the two vertical lines am and bn, always 800 feet apart, 
are shifted to the right or left. It is easy to show that the area 
aBbnm is a inaxiynum when ab is horizontal. The minimum 
value would be obtained either when m reached A or n reached 
C, depending on the exact form of the cuive. Since the posi- 
tion for the minimum value is manifestly unfair, the best definite 
value obtainable is the maximum, which must be obtained as 
above described. Since aBbnm is made maximum, the remainder 
of the area, which is the allowance for overhaul, becomes a mini- 
mum. The areas Aam and bCn may be obtained as in § 102. 
If the whole area AaBbCA has been previously computed, it 
may be more convenient to compute the area aBbnm and sub- 
tract it from the total area.. 

Since the intersections of the mass curve and the "zero line" 
mark limits past which no material is drawn, it follows that 
there will be no allowance for overhaul except where the dis- 
tance between consecutive intersections of the zero line and mass 
curve exceeds the limit of free haul. 

Frequently all allowances for overhaul are disregarded; the 
profiles, estimates of quantities, and the required disposal of 
material are shown to bidding contractors, and they must then 
make their own allowances and bid accordingly. This method 
has the advantage of avoiding possible disputes as to the amount 
of the overhaul allowance, and is popular with railroad com- 
panies on this account. On the other hand the facility with 
which different plans for the disposal of material may be studied 
and compared by the mass-curve method facilitates the adoption 
of the most economical plan, and the elimination of uncertainty 
will frequently lead to a safe reduction of the bid, and so the 
method is valuable to both the railroad company and the con- 
tractor. 

ELEMENTS OF THE COST OF EARTHWORK. 

io6. Analysis of the total cost into items. The variation in 
the total cost of excavating earthwork, hauling it a greater or 
less distance, and forming with it an embankment of definite 
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form or wast&ig it on a spoil bank, is so great that the only 
possible method of estimating the cost under certain assumed 
conditions is to separate the total cost into elementary items. 
Ellwood Morris was perhaps the first to develop such a method 
— see Journal of the Franklin InstihUef September and October, 
1841. Trautwine used the same gener^d method with some 
modifications. The following analysis will follow the same 
general plan, will quote some of the figures given by Morris 
and by Trautwine, but will also include facts and figures better 
adapted to modem conditions. Since every item of cost (except 
interest on cost of plant and its depreciation) is a direct function 
of the current price of common labor, all calculations will be 
based on the simple unit of $1 per day. Then the actual cost 
may be obtained by multiplying the calculated cost imder the 
given conditions by the current price of day labor. When 
possible, figures will be quoted giving the cost of all items of 
work on a loose sandy soil which is the easiest to work and also 
for the cost of the heaviest soils, such as stiff clay and hard pan. 
These represent the extremes, excluding rock, which will be 
treated separately. The cost of intermediate grades may be 
interpolated between the extreme values according to the 
judgment of the engineer as to the character of the soil. 

The possible division into items varies greatly according to 
the method adopted, but the differentiation into items given 
below (which is strictly applicable to the old fashioned simpler 
methods of work) can usually be applied to any other method 
by merely combining or eliminating some of the items. The 
It^ms are 

1. Loosening the natural soil. 

2. Loading the soil into whatever carrier may be used. 

3. Hauling excavated material from excavation to embank- 

ment or spoil bank. 

4. Spreading or distributing the soil on the embankment. 

5. Keeping roadways or tracks in good running order. 

6. Trimming cuts to their proper cross-section (sometimes 

called "sandpapering")* 

7. Repairs, wear, depreciation, and interest on cost of plant. 

8. Superintendence and incidentals. 

107. Item I. Loosening, (a) Ploughs. Very light sandy 
soils can frequently be shovelled without any previous loosen- 
ing, but it is generally economical, even with very light material, 
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to use a plough. Morris quotes, as the results of experiments, 
that a three-horse plough would loosen from 250 to 800 cubic 
yards of earth per day, which at a valuation of $5 per day 
would make the cost per yard vary from 2 cents to 0.6 cent. 
Trautwine estimates the cost on the basis of two men handling 
a two-horse plough at a total cost of $3.87 per day, being $1 
each for the men, 75 c. for each horse, and an allowance of 
37 c. for the plough, harness, etc. From 200 to 600 cubic yards 
is estimated as a fair day's work, which makes a cost of 1.9 c. 
to 0.65 c. per yard, which is substantially the same estimate 
as above. Extremely heavy soils have sometimes been loosened 
by means of special ploughs operated by traction-engines. 

Gillette estimates that "a two-horse team with a driver and 
a man holding the plough will loosen 25 cubic yards of fairly 
tough clay, or 35 cubic yards of gravel and loam per hour.'* 
For ten hours per day this would be 250 to 350 cubic yards 
per day. These values are neither as high nor as low as the 
extremes above noted. It is probably very seldom that a soil 
will be so light that a two-horse (or three-horse) plough car 
loosen as much as 600 (or 800) cubic yards per day. 

It is sometimes necessary to plough up a macadamized street. 
This may be done by using as a plough a pointed steel bar 
which is fastened to a very strong plough frame. A prelimi- 
nary hole must be made which will start the bar under the 
macadam shell. Then, as the plough is drawn ahead, the shell 
is ripped up. Four or six horses, or even a traction-engine, 
are used for such work. Gillette quotes two such cases where 
the cost of such loosening was 2 c. and 6 c. per cubic yard, 
with common labor at 15 c. per hour. Two-thirds of such 
figures will reduce them to the $1 per day basis. The cost for 
ploughing on the $1 per day b<ms may therefore be siunmarized 
as follows: 

For very loose sandy soils 0.6 c. per cubic yard 

'* " heavy clay " 2.0 c. " " " 

'* hard pan and macadam, up to .. . 4.0 c. " " " 

(b) Picks. When picks are used for loosening the earth, as 
is frequently necessary and as is often done when ploughing 
would perhaps be really cheaper, an estimate * for a fair day's 

* Trautwine. 
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work is from 14 to 60 cubic yards, the 14 yards being the esti- 
mate for stifif clay or cemented gravel, and the 60 yards the esti- 
mate for the lightest soil that would require loosening. At $1 
per day this means about 7 c. to 1 .7 c. per cubic yard, whicb is 
about three times the cost of ploughing. Five feet of the face 
is estimated * as the least width along the face of a bank that 
should be allowed to enable each laborer to work with freedom 
and hence economically. 

(c) Blasting. Although some of the softer shaly rocks may 
be loosened with a pick for about 15 to 20 c. per yard, yet rock 
in general, frozen earth, and sometimes even compact clay are 
most economically loosened by blasting. The subject of blast- 
ing will be taken up later, §§ 117-123. 

(d) Steam-shovels. The items of loosening and loading 
merge together with this method, which will therefore be treated 
in the next section. 

io8. Item 2. Loading, (a) Hand-shoyelling. Much depends 
on proper management, so that the shovellers need not wait un- 
duly either for material or carts. With the best of management 
considerable time is thus lost, and yet the intervals of rest 
need not be considered as entirely lost, as it enables the men to 
work, while actually loading, at a rate which it would be physi- 
cally impossible for them to maintain for ten hours. Seven 
shovellers are sometimes allowed for each cart; otherwise there 
should be five, two on each side and one in the rear. Economy 
requires that the number of loads per cart per day should be 
made as large as possible, and it is therefore wise to employ as 
ma'^y shovellers as can work without mutual interference and 
without wasting time in waiting for material or carts. The 
figures obtainable for the cost of this item are imsatisfactory on 
account of their large disagreements. The following are quoted 
as the number of cubic yards that can be loaded into a cart by 
an average laborer in a working day of ten hours, the lower 
estimate referring to heavy soils, and the higher to light sandy 
soils: 10 to 14 cubic yards (Morris), 12 to 17 cubic yards (Has- 
kell), 18 to 22 cubic yards (Hurst), 17 to 24 cubic yards (Traut- 
wine), 16 to 48 cubic yards (Ancelin). As these estimates are 
generally claimed to be based on actual experience, the discrep- 
ancies are probably due to differences of management. If the 

* Hurst. 
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average of 15 to 25 cubic yards be accepted, it means, on the 
basis of $1 per day, 6.7 c. to 4 c. per cubic yard. These esti- 
mates apply only to earth. Rockwork costs more, not only 
because it is harder to handle, but because a cubic yard of solid 
rock, measured in place, occupies about 1.8 cubic yards when 
broken up, while a cubic yard of earth will occupy about 1.2 
cubic yards. Rockwork will therefore require about 50% more 
loads to haul a given volume, measured in place^ than will the 
samfe nominal volume of earthwork. The above authorities give 
estimates for loading rock varying from 6.9 c. to 10 c. per cubic 
yard. The above estimates apply only to the loading of carts 
or cars with shovels or by hand (loading masses of rock). The 
cost of loading wheelbarrows and the cost of scraper Work will 
be treated under the item of hauling. 

(b) Steam-shovels.* Whenever the magnitude of the work 
will warrant it there is great economy in the use of steam-shovels. 
These have a "bucket" or "dipper" on the end of a long beam, 
the bucket having a capacity varjang from J to 2i cubic yards. 
Stcam-shoviels handle all kinds of material from the softest 
earth to shale rotk, earthy material containing large boulders, 
tree-stumps, etc. The record of work done varies from 200 to 
1000 cubic yards in 10 hours. They perform all the work of 
Ibosening and loading. Their economical working requires that 
the material shall be hauled away as fast as it can be loaded, 
which usually means that cars on a track, hauled by horses or 
mules, or still better by a locomotive, shall be used. The ex- 
penses for a steam-shovel, costing about $5000, will average 
about $1000 per month. Of this the engineer may get $100; the 
fireman $50; the cranesman $90; repairs perhaps $250 to $300; 
coal, from 15 to 25 tons, cost very variable on account of expen- 
sive hauling; water, a very uncertain amount, sometimes costing 
$100 per month; about five laborers and a foreman, the laborers 
getting $1.25 per day and the foreman $2.50 per day, which will 
amount to $227.50 per month. This gang of laborers is employed 
in shifting the shovel when necessary, taking up and relaying 

* For a thorough treatment of the capabilities, cost, and management 
of steam-snovels the reader is referred to " Steam-shovels and Steam-ahovel 
Work." by E. A. Hermann. D. Van Nostrand Co., New York. 

This book is now out of print. * Earthwork and its Cost," by H. P. Gil- 
lette, to which the student is referred for a more elaborate exposition of the 
subject, has used many of Hermann's cuts. 
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tracks for the cars, shifting loaded and unloaded cars, eto. In 
shovelling through a deep cut« the shovel is operated so as to 
undermine the upper parts of the cut* which then fall down 
within reach of the shovel, thus increasing the aniount of material 
handled for each new position of the shovel. If the material is 
too tou^ to fail down by its own weight, it Is sometimes found 
economical to employ a gang of men to loosen it or even blast it 
rather than shift the shovel so frequently. Non-condendng 
engines of 50 horse-power use so much water that the cost of 
water-supply becomes a serious matter If water is not readily 
obtainable^ The lack of water facilities will often justify the 
construction of a pipe line from some distant source and the 
installation of a steam-pump. Hence the seemingly large 
estimate of $100 per month for water-supply^ although under 
favorable circumstances the cost may almost vanish. The larger 
steam-shovels will consume nearly a ton of coal per day of ID 
hours. The expense of hauling this coal from the nearest rail- 
road or canal to the location of the cut Is often a very serious 
item of expense and may easily double the cost per ton. Some 
steam-shqvels have been constructed to he operated by electriwty 
obtained from a plant perhaps several miles away. Such a 
method is especially advantageous when fuel and water are 4iffi- 
cult to obtain. 

The following general requirements and specifications were 
recommended in 1907 by the American Kailway Engineering 
and Maintenance of Way Association: 

Three important cardinal points should be given careful 
attention in the selection of a steam-shovel. These are in the^r 
order 

(1) Care in the selection, inspection and acceptance of all 
material that enters into every part of the machine. 

(2) Pesign for strength. 

(3) Design for production. 

GENERAL SPECIFICATIONS. 

Weight of shovel: Seventy (70) tons. 
Capacity of dipper: Two and one-half (2i) yards. 
Steam pressure: One hundred and twenty (120) pounds. 
Clear height above rail of shovel track at which dipper should 
tmload: Sixteen (16) feet. 
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Depth below rafl of shovel track at which dipper should dig 
Four (4) feet. 

Number of movements of dipper per minute from time of 
entering bank to entering bank: Three (3). 

Character of hoist: Cable. 

Character of swing: Cable. 

Character of housing: Permanent for all employes. 

Capacity of tank: Two thousand (2000) gallons. ' 

Capacity of coal-bunker: Four (4) tons. 

Spread of jack arm: Eighteen (18) feet. A special short arm 
should be provided. 

Form of steam-shovel track: "T'* rails on ties. 

Length of rails for ordinary work: Six (6) feet. 

Form of rail joint: Strap. 

Manufacturers of steam-shovels will wometimes "guarantee" 
that certain of their shovels will excavate, say 3000 cubic yards 
of earth per day of ten hours. Even if it were possible for a 
shovel to fill a car at the rate of 5 cubic yards per minute, it is 
always impracticable to maintain such a speed, since a shovel 
must always wait for the shifting of cars and for the frequent 
shifting of the shovel itself. There are also delays due to 
adjustments and minor breakdowns. The best shovel records 
are made when the cars are large — other things being equal. 
The item of interest and depreciation of the plant is very large 
in steam-shovel work. This will be discussed further later. 
The cost of loading alone will usually come to between 3 and 
*4 c. per cubic yard. The cost of shifting the cars so as to 
place them successively under the shovel, haul them to the 
dumping place, dump them and haul them back, will generally 
be as much more. Gillette quotes five jobs on one railroad 
where the total cost for loading and hauling varied from 5.9 c. 
to 11.4 c. per cubic yard. But as these figures are based on 
car measurement, the cost per cubic yard in place measure- 
ment must be increased about one-fourth, or from 7.4 c. to 
14.2 c. 

ICQ. Item 3. Hauling. The cost of hauling depends on 
the number of roimd trips per day that can be made by each 
vehicle employed. As the cost of each vehicle is practically the 
same whether it makes many trips or few, it becomes important 
that the number of trips should be made a maximum, and to that 
end there should be as little delay as possible in loading and 
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unloading^ Therefore devices for facilitating the passage of the 
vehicles have a real money value. 

(a) Carts. The average speed of a horse hauling a two- 
wheeled cart has been found to be 200 feet per minute, a little 
slower when hauling a load and a little faster when returning 
empty. This figiure has been repeatedly verified. It means an 
allowance of one minute for each 100 feet (or "station") of 
"lead — the lead being the distance the earth is hauled." The 
time lost in loading, dumping, waiting to load, etc., has been 
found to average 4 minutes per load. Representing the num- 
ber of stations (100 feet) of lead by s, the number of loads 
handled in 10 hours (600 minutes) would be 600-i-(«+4). The 
number of loads per cubic yard, measured in the bank, is differ- 
entiated by Morris into three classes, viz. : 

3 loads per cubic yard in descending hauling; 

3i '' '' '' '' '' level hauling; and 

4 '' '' '' '' *' ascendmg hauling. 

Attempts have been made to estimate the efifect of the grade 
of the roadway by a theoretical consideration of its rate, and of 
the comparative strength of a horse on a level and on various 
grades. TVTiile such computations are always practicable on a 
railway (even on a temporary construction track), the traction 
on a temporary earth roadway is always very large and so very 
variable that any refinements are useless. On railroad earth- 
work the hauling is generally nearly level or it is descending — 
forming embankments on low groimd with material from cuts in 
high ground. The only common exception occurs when an 
embankment is formed from borrow-pits on low ground. One 
method of allowing for ascending grade is to add to the hori- 
zontal distance 14 times the difference of elevation for work 
with carts and 24 times the difference of elevation for work 
with wheelbarrows, and use that as the lead. For example, 
iising carts, if the lead is 300 feet and there is a difference of 
elevation of 20 feet, the lead would be considered equivalent to 
300 + (14X20)=580 feet on a level. 

Trautwine assumes the average load for all classes of work 
te be J cubic yard, which figure is justified by large experience. 
Using one figure for all classes of work simplifies the calculations 
and gives the number of cubic yards carried per day of 10 hours 

equal to —, 7i' Dividing the cost of a cart per^ay bv the 

^ 3(5 + 4) ° Digitized by V^ODgr 
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number of cubic yards carried gives the cost of hauling per 
yard. In computing the cost of a cart per day, Trautwine 
refers to the practice of having one driver manage four carts, 
thus making a charge of 25 c, per day for each cart for the driver. 
Although this might be an economical method when the haul is 
very long, it is not economical for short hauls. A safer estimate 
is to allow not more than two carts per driver and in many 
cases a driver for each cart. Some contractors employ a driver 
for each cart and then require that the drivers shaU assist in 
loading. The policy to be adopted is sometimes dependent on 
labor union conditions, which may demand that drivers must 
not assist in loading. The supply of labor and the amount of 
work on hsuod have a great influence on* the methods of work 
which a contractor may adopt, for a strike will often disarrange 
all plans. 

The cost of a horse and cart must practically include a 
charge for the time of the horse on Sundays, rainy days and 
holidays. The cost of repairs of cart and harness is generally 
included in this item for simplicity, but, under a strict applica- 
tion of the analysis suggested in § 106, it should properly be 
included under Item 7, Repairs, etc. 

Since the time required for loading loose rock is greater 
than for earthwork, less loads will be hauled per day. The time 
allowance for loading, etc., is estimated by Trautwine as 6 
minutes instead of 4 as for earth. Considering the great ex- 
pansion of rock when teoken up (see § 97), one cubic yard of 
solid rock, measured in place, would furnish the equivalent of 
five loads of earthwork of ^ cubic yard. Therefore, on the 
basis of five loads per cubic yard, the niunber of cubic yards 

handled per day per cart would be -^ ^. . 

Let C represent the daily cost of a horse and cart and of 
the proportional cost of the driver (according to the number of 
carts handled by one driver), then the cost per cubic yard, 
measured in the cut^ for hauling may be given by the formula: 



Cost per cu. yd. of hauling earth in carts =- ^r^ — - 

CX5(8+6) 
600 
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(b) Wagons. For longer leads (I.e., from } to f of a mfle) 
wagons drawn by two horses have been found most economical. 
The wagons have bottoms of loose thick narrow boards and are 
unloaded very easily and quickly by lifting the individual boards 
and breaking up the continuity of the bottom, thus depositing 
the load directly underneath the wagon. The capacity is about 
one cubic yard. The cost may be estimated on the same prin- 
ciple as that for carts. 

The number of wagon trips per 10 hours will depend some- 
what on the management of the shovellers. Too many shovel- 
lers per wagon is not economical, measured in yards shovelled 
p^ man, although it may reduce the time consumed in loading 
any one wagon. At an average figure of 20 cubio yards, 
measured in place, per shoveller per 10 hours, seven shovellers 
would load 14 cubic yards per hour or one cubic yard in 4.3 
minutes. This would be the allowance for a wagon with a 
capacity of about 1} yards of loose earth. Adding time for 
unloading, waiting to load and other possible " lost time," there 
is probably a total of six minutes. This figure will vary very 
considerably according to the number of shovellers per wagon, 
the capacity of the wagon, the type of wagon (whether self- 
dumping) and other details in the method of management. 
Adopting six minutes as the time used for loading, unloading, 
and other ''lost time/' the formula becomes. 

Cost per cubic yard of hauling in wagons^ 1^^ \ , . . (71o) 

uUU C 

in which C is the cost of the wagon, team and driver per day 
of 10 hours; b is the distance hauled in stations of 100 feet, 
and c is the capacity of the wagon in cubic yards, place meas- 
urementf which should be about three fourths of the nominal 
capacity of the wagon for earth and about sixty per cent when 
handling rock. 

(c) Wheelbarrows. Gillette has computed from observa- 
tions that a man will tnmdie a wheelbarrow at the rate of 250 
feet per minute or 1.25 stations of lead per minute for the round 
trip. The time required for loading is estimated at 2} minutes 
and for unloading, adjusting wheeling planks, short rests, etc., 
} minute, or a total of three minutes per trip for all purposes 
except hauling. Gillette allows for a load only 1/15 cubic yard, 
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measured in place, or about 1/11 yard, 2.5 cubic feet, on the 
wheelbarrow. With notation as before 

Cost per cubic yard of loading and ^ ^ CX 15(1.253 +3) .-^x 
hauling earth in wheelbarrows / ^ 600 * ^ 

In this equation C is the cost of both loading and hauling, and 
usually includes the allowance (Item 7) for the cost, repairs 
and depreciation of the wheelbarrows, whose service is very 
short lived. Trautwine estimates this at five cents per day or 
a total of $1.05 for labor and wheelbarrow. 

The number of wheelbarrow loads required for a cubic yard 
of rock, measured in place, is about twenty-four. The time 
required for loading should also be increased about one fourth; 
the time required for all purposes except hauling is therefore 
about 3.75 minutes, and the corresponding equation becomes 

Cost per cubic yard of loading and ^ CX 24(1.25^4- 3.75) /yo^x " 
hauling rock in wheelbarrows / °* 600 

(d) Scrapers. These are made in three general ways, ''buck** 
scrapers, "drag" scrapers and ''wheeled" scrapers. The buck 
scraper in its original form consisted merely of a wide plank, 
shod with an iron strap on the lower edge and provided with 
a pole and a small platform on which the driver may stand to 
weight it down. The earth is not loaded on to any receptacle 
and carried, but is merely pushed over the ground. Notwith- 
standing the apparent inefficiency of the method, its extreme 
simplicity has caused its occasional adoption for the construc- 
tion of canal eml^ankments out of material from the bed of the 
canal. The occasions are rare when their use for railroad work 
would be practicable, and even then drag scrapers would prob- 
ably be preferable. 

A drag scraper is an immense ''scoop shovel" about three feet 
long and three feet wide. There are usually two handles and a 
bail in front by which it is dragged by a team of horses. The 
nominal capacity varies from 7.5 cubic feet for the largest sizes, 
down to 3 cubic feet for the "one-horse" size, but these figinres 
must be discounted by perhaps 40 or 50% for the actual average 
volume (as measured in the cut) loaded on during one scoop. 
The expansion of the earth during loosening is alone respons- 
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ible for a discoimt of 25%. These scrapers cost from $10 to 
$18. 

A wheeled scraper is essentially an extrarlarge drag scraper 
which may be raised by a lever and carried on a pair of large 
wheels. Their nominal capacity ranges from 10 to 17 cubic feet, 
which should usually be liberally discounted when estimating 
output. They are loaded by dropping the scoop so that it 
scrapes up its load. The lever raises the scoop so that the load 
is carried on wheels instead of being ^ragged. At the dump the 
scoop is tipped so as to unload it. The movement of the 
scraper is practically continuous. They cost from $40 to 
$75. Their advantages over drag scrapers consist (1) in their 
greater capacity, (2) in the economy of transporting the load 
on wheels instead of by dragging, and (3) in the far greater 
length of haul over which the earth may be economically 
handled. 

Morris estimated the speed of drag scrapers to be 140 feet per 
minute, or 70 feet of lead per minute. The "lead" should be 
here interpreted as the average distance from the center of the 
pit to the center of the dmnp. Gillette declares the speed to be 
220 feet per minute. Some of this variation may be due to dif- 
ferences in the method of measuring the distance actually trav- 
elled, especially when the lead is very short, since the scraper 
teams must always travel a considerable extra distance at each 
end in order to tiun aroimd most easily. This extra distance is 
practically constant whether the lead is long or short. Gillette 
quotes an instance where the length of lead was actually about 
IM) feet, but the scraper teams travelled about 150 feet for each 
load carried. On this account Gillette adopts a minimum of 
75 feet of lead no matter how short the lead actually may be. 
Of course the speed depends considerably on how strictly the 
men are kept to their work and also on the care which may be 
taken to obtain a full load for each scraper. As a compromise 
between Morris's and Gillette's estimates we may adopt the con- 
venient rate of speed of 200 feet per minute, or 100 feet of lead 
per minute. There should also be allowed for the time lost 
in loading and unloading and for travelling the extra distance 
travelled by the teams in making the circuit, 1 J minutes. Allow- 
ing the average value of seven loads per cubic yard and letting 
C represent the cost of scraper team and driver per day, we 
nave for the cost as follows: 
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Cost per cubic yard of loading and 1 ^ 0X7(8 + Ij) ^ 

hauling earth in drag scrapers J 600 ' - * \ ) 

In this formula C should include the cost of not only the 
driver, team, and scraper, but also the proper proportion of 
the wages of an extra man, who assists each driver in loading 
his scraper, and whose wages should be divided among the two 
(or three) scrapers to which he is assigned. Scraper "Vfork 
nearly always implies ploughing, the cost of which should be 
computed as under Item 1. 

When a low embankment is formed from borrow-pits on each 
side of the road, it may be done with scrapers, which move from 
one borrow-pit to the other, taking a load alternately from each 
side to the center and making but one half turn for each load 
carried. This reduces the time lost in turning by one third of a 
minute and reduces the constant in the numerator in Eq. (73) 
from 1 J to 1. In this case the lead will usually be not greater 
than 75 feet, and therefore, if we consider this as a minimum 
value, s will ordinarily equal .75 and the quantity in the paren- 
thesis will equal 1.75. 

When using wheeled scrapers the catalogue capacity, which 
varies from 9 or 10 feet for a No. 1 scraper to 16 or 17 feet for 
a No. 3 scraper, must be reduced to 5 loads per cubic yard 
(place measurement) for a No. 1 scraper and to 2J loads per 
cubic yard for a No. 3, not only on account of the expansion of 
the earth during loosening, but also on account of the imprac- 
ticability of loading these scrapers to their maximum nominal 
capacity. When the haul or lead for wheeled scrapers is 300 
feet or over, it will be justifiable to employ shovellers to fill up 
the bowl of the shovel, especially when the soil is tough and 
when it is impracticable to fill the shovel even approximately 
full by the ordinary method. A snatch team to assist in load- 
ing the scrapers it also economical, especially with the larger 
scrapers. The proportionate number of snatch teams to the 
total number of scrapers of course depends on the length of 
haul. The cost of these extra shovellers and extra snatch teams 
must be divided proportionally among the number of scrapers 
assisted, in determining the value C in the formula given below. 
The extra time to be allowed on account of turning, loading, 
and dumping is about H minutes. The speed is considered 
one^station of lead per minute as before. If we call C the aveni^e 

Digitized by VnOOQlC 



> 



§ 109, EAETHWOBK, HI 

4aily cost of one scraper and n the c^a^sity of the scraper, or 
the nuijttber of loads per cubic yard, we may write the following 
formula: 

CJost per cubic yard of loading and I ^ CXn(s-hH) ,-„ . 

hauling earth in wheeled scrapers J '^ 600 • • • v 

(e) Can and horses. The items of cost by this method are 
(a) charge for horses employed, (6) charge for men employed 
strictly in hauling, (c) charge for shifting rails when necessary, 
(^0 repairs, depreciation, and interest on cost of cars and track, 
Part of this cost should strictly be classified under items 5 and 
7, mentioned in { 106, but it is perhaps more convenient to 
estimate them as follows: 

The traction of a car on rails is so very onall that grade 
resistance constitutes a very large part of the total resistance 
if the grade is 1% or more. For all ordinary grades it is 
sufficiently accurate io say that the grade resistance is to 
the gross weight as the rise is to the distance. If the distance 
is supposed to be measured along the slope, the proportion is 
strictly true; i.e., on a 1% grade the grade resistance is 1 lb. 
per 100 of weight or 20 lbs* p^r ton. If the resistance on a 
level at the usual velocity is xiir»* «^^« of 1 : 120 (0.83%) will 
e^ax^tly double it, If the material is hauled down a grade of 
1:120, the cars will run by gravity after being started. The 
work of hauling will then consist practically of hauling the 
empty cars up the grade. Th^ grade resistance depends only 
oo tte rate of grade ap4 the weight, but the tractive resistance 
will be greaier per tan of weight for the unloaded than for the 
loadad cars. The tractive power of a horse is less on a grade 
than on a level, oot only because the horse raises his own weight 
in addition to the load, but is anatomically less capable of 
puljing on a ^ade than on a level. In general it will be pos* 
sibla to i^an the work so that loaded cars need not be hauled up 
a ^ade, unless an embankment is to be formed from a low 
borrow^pit, in which case another method would probably b^ 
advisable. These computations are chiefly utilized in design-' 
ing the meliiod of work — ^the proportion of horses to cars. An 
es^ample may be quoted from English practice (Hurst), in which 
the cars had a capaijity of 3i cubic yards, weighing 30 cwt. 
eeapty* Two horses tpolc five "wagons" i of a mile on a level 
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railroad and made 15 journeys per day of 10 hours, i.e., they 
handled 250 yards per day. In addition to those on the 
"straight road," another horse was employed to make up 
the train of loaded wagons. With a short lead the straight- 
road horses were employed for this piuTX)se. In the above 
example the number of men required to handle these cars, 
shift the tracks, etc., is not given, and so the exact cost of the 
above work cannot be analyzed. It may be noticed that the 
two horses travelled 22 J miles per day, drawing in one direction 
a load, including the weight of the cars, of about 57,300 lbs., 
or 28.65 net tons. Allowing -^^^ as the necessary tractive 
force, it would require a pull of 477.5 lbs., or 239 lbs. for each 
horse. With a velocity of 220 feet per minute this would amoimt 
to li horse-power per horse, exerted for only a short time, 
however, and allowing considerable time for rest and for draw- 
ing only the empty cars. Gillette claims that the rolling re- 
sistance for such cars on a contractor's track should be con- 
sidered as 40 lbs. per ton (the equivalent of a 2% grade) and 
quotes many figures to support the assertion. Unquestionably 
the resistance on tracks with very light rails, light ties with 
wide spacing and no tamping, would be very great and might 
readily amount to 40 lbs. per ton. In the above case, the 
resistance could not have been much if any over y-J-^^. A re- 
sistance of 40 lbs. per ton would have required each horse to 
pull about 573 lbs. for nearly five hours per day, beside pulling 
the empty cars the rest of the time. This is far greater exertion 
than any ordinary horse can maintain. The cars generally used 
in this country have a capacity of IJ cubic yards and cost about 
$65 apiece. Besides the shovellers and dumping-gang, several 
men and a foreman will be required to keep the track in order 
and to make the constant shifts that are necessary. Two trains 
are generally used, one of which is loaded while the other is run 
to the dump. Some passing-place is necessary, but this is 
generally provided by having a switch at the cut and running 
the trains on each track alternately. This insiu*es a train of 
cars always at the cut to keep the shovellers employed. The 
cost of hauling per cubic yard can only be computed when the 
number of laborers, cars, and horses employed are known, and 
these will depend on the lead, on the character of the excavation, 
on the grade, if any, etc., and must be so proportioned that the 
shovellers need not wait for cars to fill, nor the dumping-gang 
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for material to handle, nor the horses and drivers for cars to 
haul. Much skill is necessary to keep a large force in smooth 
running order. 

(f) Cars and locomotiYes. 30-lb. rails are the lightest that 
should be used for this work, and 35- or 40-lb. rails are better. 
One or two narrow-gauge locomotives (depending on the length 
of haul), costing about $2500 each, will be necessary to handle 
two trains of about 15 cars each, the cars having a capacity of 
about 2 cubic yards and costing about $100 each. Some cars 
can be obtained as low as $70. A force of about five men and 
a foreman will be required to shift the tracks. The track- 
shifters, except the foreman, may be common laborers. The 
dumping-gang will require about seven men. Even when the 
material is all taken down grade the grades may be too steep for 
the safe hauling of leaded cars down the grade, or for hauling 
empty cars up the grade. Under such circumstances temporary 
trestles are necessary to reduce the grade. When these are 
'used, the uprights and bracing are left in the embankment — 
only the stringers being removed. This is largely a necessity, 
but is partially compensated by the fact that the trestle forms a 
core to the embankment which prevents lateral shifting during 
settlement. The average speed of the trains may be taken as 
10 miles per hour or 5 miles of lead per hour. The time lost 
in loading and unloading is estimated (Trautwine) as 9 minutes 
or .15 of an hour. The number of trips per day of 10 hours 

^ ^(miles of lead) + .15 (miles of lead) + .75* 

course this quotient must be a whole number. Knowing the 
number of trains and their capacity, the total number of cubic 
yards handled is known, which, divided into the total daily cost 
of the trains, will give the cost of hauling per yard. The daily 
cost of a train will include 

(a) Wages of engineer, who frequently fires his own engine; 

(b) Fuel, about J to 1 ton of bituminous coal, depending on 
work done; 

(c) Water, a very variable item, frequently costing $3 to $5 
per day; 

(d) Repairs, variable, frequently at rate of 50 to 60% per year; 
(c) Interest on cost and depreciation, 16 to 40%. 

To these must be added, to obtain the total cost of haul, 
(f) Wages of the gang employed in shifting track. 
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The above calculation for the mimber of trahi loads depends 
oti the assumption that 9 tninutes is total time loETt by a 
locomotive for each round trip. If the haul is very short it 
may readily happen that a steam-shovel cannot fill one train 
of cars before the locomotive has returned with a load of empties 
and is ready to haul a loaded train away* The estimation of 
the number of train loads is chiefly useful in planning 
the work so as to have every tool working at its high- 
est efficiency. Usually the capacity of the stesMn^sbovel 
or the ability to promptly "i^ot" the cars under ihe 
shovel is the real limiting agent Which determines the daily 
output* 

^ no. Choice of method of haul dependent , on ' distance. In 
light side-hill work in which material need not be moved more 
than 12 or 15 feet, i.e., moved laterally MCroaa the roadbed, 
the earth may be moved most cheaply by mere shovelling. 
Beyond 12 feet scrapers are more economicaL At about 100 
feet drag-scrapers and wheelbarrows are equally economical. 
Between 100 and 200 feet wheelbarrows are generally cheaper 
than either carts or drag-scrapers, but wheeled scrapers are 
always cheaper than wheelbarrows. Beyond 500 feet two- 
wheeled carts become the most economical up to about 1700 
feet; then four-wheeled wagons become more economical up to 
3500 feet. Beyond this cars on rails, drawn by horses or by 
locomotives, become cheaper. The economy of cars on rails 
becomes evident for distances as small as 800 feet provided the 
volume of the excavation will justify the outlay. Locomotives 
will always be cheaper than horses and mules, providing the 
work to be done is of sufficient magnitude to justify the pur-' 
chase of the necessary plant and risk the loss in selling the plant 
ultimately as second-hand equipment, or keeping the plant on 
hand and idle for an indefinite period Waiting for other 
work. Horses will not be economical for distances much 
over a mile. For greater distances locomotives are more 
economical, but the question of "limit of profitable haul" 
(§ 116) must be closely studied, as the circumstances are 
certainly not common when it is advisable to haul material 

X much over a mile. 
\ III. Item 4. Spreading. The cost of spreading varies with 
the method employed in dumping the load. When the earth is 
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tipped over the edg« of an embankment there hi little If any 
necessary work. Trautwine allows about } o. per eubie yard 
for keeping the dumping-places clear and in order. This would 
represent the wages of one man at $1 per day attending to the 
unloading of 1200 two-wheeled carts each Carrying i euHe 3rard. 
1200 carts in 10 hours would mean an average of two per minute, 
which implies tnore rapid and eflScient work than may be de- 
pended on. The allowance is probably too small. When the 
mat^al is dinnped in layers some levelling is required, for 
which Trautwine allows 50 to 100 eubic yards as a fafar day's 
work, costing from 1 to 2 cents per cubic yard. The cost of 
spreading will not ordinarily exceed this and is frequently 
nothing-^-all depending on the method of unloading. It should 
be noted that Mr. Morris'^ examples and computations (Jour. 
Franklin Inst., Sept* 1S41) disregard . altogether any special 
charge for this item. 

ix2« Item $. Kespino Roadways nr ordsr* This feature 
is important as a measure of true economy, whatever the system 
of transportation, but it is often neglected. A petty saving In 
such matters will cost many times as much in increased labor 
in hauling and loss of time. With some methods of haul the 
Cost is best combined with that of other items. 

(a) Wheelbarrows. Wheelbarrows should generally be run 
on planks laid on the ground. The adjusting and shifting of 
these planks is done by the wheelers, and the time for it is 
allowed for in the "i minute for short rests, adjusting the 
Wheeling plank, etc.'* The actual cost of the planks must be 
added, but it would evidently be a very small addition per cubic 
yard in a large contract. When the wheelbarrows are run on 

■ planks placed on "horses" or on trestles the cost is very appre- 
ciable j but the method is frequently used with great economy. 
The variations in the requirements render any general estimate 
of such cost impracticable. 

(b) Carts and wagons. The cost of keeping roadwa3r8 in 
order for carts and wagons is sometimes estimated merely as so 
much per cubic yard, but it is evidently a function of the lead. 
The work consists in draining off puddles, filling up ruts, pick- 
ing up loose stonee that may have fallen off the loads, and in 
general doing everythuig that will reduce the traction as much 
as possible. Temporary inclines, built to avoid excessive grade 
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at some one pointy are often measures of true economy. Traut- 
wine suggests -3^ c. per cubic yard per 100 feet of lead for earth- 
work and ^ c. for rockwork, as an estimate for this item when 
carts are used. 

(c) Cars. When cars are used a shifting-gang, consisting 
of a foreman and several men (say five), are constantly em- 
ployed in shifting the track so that the material may be loaded 
and unloaded where it is desired. The average cost of this 
item may be estimated by dividing the total daily cost of this 
gang by the number of cubic yards handled in one day. 

112a. Item 6. TRIMHrnO CUTS TO THEIR PROPER CROSS- 
8ECTI0I1'. This process, often called "sand-papering," must 
be treated as an expense, since the payment received for the 
very few cubic yards of earth excavated is wholly inadequate 
to pay for the work involved. Gillette quotes bids of 2 cents 
per square yard of surface trinamed, and from this argues that, 
for average excavations, it adds to the cost four cents per cubic 
yard of the total excavation. The shallower the cut the greater 
is the proportionate cost. Of coimse the actual cost to the 
contractor will depend largely on the accuracy of outline de- 
manded by the engineer or inspector. 

113. Item 7. Repairs, wear, DBPRBCUTioif, jjxd mTBRBST 
OH COST OF PLAirr. The amount of this item evidently depends 
upon the character of the soil — ^the harder the soil the worse the 
wear and depreciation. The interest on cost depends on the 
current borrowing value of money. The estimate for this item 
has already been included in the allowances for horses, carts, 
ploughs, harness, wheelbarrows, steam-shovels, etc. Trautwine 
estimates i c. per cubic yard for picks and shovels. Deprecia- 
tion is generally a large percentage of the cost of earth-working 
{tools, the life of all being limited to a few years, and of many 
tools to a few months. 

114. Item 8. SUPERmTEIIDENCE AOT) DTCIDEMTALS. The 
incidentals include the cost of water-boys, timekeepers, watch<» 
men, blacksmiths, fences, and other precautions to protect the 
public from possible injury, cost of casualty insurance for 
workmen, etc. Although the cost of some of these sub-items 
may be definitely estimated, others are so imcertain that it la 
only possible to make a lump estimate and add say 6 to 7% 
of the sum of the previous items for this item. 
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115. Contractor's profit and contingencies. The word "con- 
tingencies*' here refers to the abnormal expenses caused by 
freshets, continued wet weather, and "hard luck," as dis- 
tinguished from mere incidentals which are really normal 
expenses. They are the expenses which literally cannot be 
foreseen, and on which the contractor must "take chances." 
They are therefore included with the expected profit. Th& 
allowance for these two elements combined is variously esti- 
mated up to 25% of the previously estimated cost of the work,^ 
according to the sharpness of the competition, the contractor's 
confidence in the accuracy of his estimates, and the possible im- 
certainty as to true cost owing to unfavorable circumstances. 
The contractor's real profit may vary considerably from this. 
He often pays clerks, boards and lodges the laborers in shan- 
ties built for the purpose, or keeps a supply-store, and has 
various other items both of profit and expense. His profit 
is largely dependent on skill in so handling the men that all 
can work effectively without interference or delays in wait- 
ing for others. An unusual season of bad weather will often 
affect the cost very seriously. It is a common occurrence 
to find that two contractors may be working on the same kind 
of material and imder precisely similar conditions and at the 
same price, and yet one may be making money and the 
other losing it — all on account of difference of manage- 
ment. 

116. Limit of profitable haul. As intimated in §§103 and 
110, there is with every method of haul a limit of distance be- 
yond which the expense for excessive hauling will exceed the 
loss resulting from borrowing and wasting. This distance is 
somewhat dependent on local conditions, thus requiring an inde-f 
pendent solution for each particular case, but the general prin- 
ciples involved will be about as follows: Assume that it has been 
determined, as in Fig. 62, that the cut and fill will exactly bal- 
ance between two points, as between e and a;, assuming that, as 
indicated in § 101 (9), a trestle has been introduced between s 
and tf thus altering the mass curve to Estxn . . . Since there 
is a balance between A' and C, the material for the fill between 
C and e' must be obtained either by "borrowing" in the im- 
mediate neighborhood or by transportation from the excavation 
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betweeE z! aad n'. If cut and fill have been approximately 
balanced in the selection of grade line, as is ordinarily dooe, 
borrowing material for the fill CV implies a wastage of material 
at th>e cut /n'. To compare the two methods, we may place 
against the plan of borrowing and wasting, (a) cost, if any, of 
extra right of way that may be needed from which to obtain 
earth for the fill C'ef\ (b) cost of loosening, loading, hauling 
a distance equal to that between the centers of gravity of the 
borrow-pit and of the fill, and the other expenses incidental to 
borrowing M cubic yards for the fill CV; (c) cost of loosening, 
loading, hauhng a distance equal to that between the centers 
of gravity of the cut z'nf and of the spoil-bank, and the other 
expenses incidental to wasting M cubic yards at- the cut ^'n'* 
(d) cost, if any, of land needed for the spoiL4)ank. The cost of 
the other plan will be the cost of loosening, loading, hauling (tho 
hauling being represented by the trapezoidal figure Cexn), and 
the i[>ther expenses incidental to making the fill CV with the 
material from the cut /w', the amount of material being M cubic 
yar4<5, which is represented in the figure by the vertical ordi- 
nate from fi to the line Cn. The difference between these costs 
will be the cost, if any, of land for borrow-pit and spoil-bank 
flus the cost of loosening, loading, etc. (except hauling and 
roadways) of M cubic yards, minus the difference in cost of the 
excessive haul from Ce to xn and the comparatively short hauls 
from borrow-pit and to spoil-bank. 

4^ an illustration, tal^ii^g some of the estimates previously 
given for operating with average material, the cost of all items, 
except ha-uling and roadways, would be about as follows: 
loosening, with plough, 1.2 c, loading 5.0 c, spreading 1.5 c, 
wear, depreciation, etc., .25 c, superintendence, etc., 1.5 c; 
total 8.95 c. Suppose that the haul for both borrowing and 
pasting averages 100 feet or \ station. Then the cost of haul 
per ya^d, using carts, would be (§ 109, a) [125X3(l+4)]-i-6Q0 
»=3.125 c. The cost of roadways would be about 0.1 c. per yard, 
making a total of 3.225 c. per cubic yard. Assume M = 10000 
ciibic yards and the area Ccxn = 180000 yards-stations or the 
equivalent of 1 0000 yards hauled 1800 feet. This haul would 
cost [125X3(134-4)]-i-dOO== 13.75 c. per cubic yard. The cost 
of roadways will be 18 X .1 or 1.8 c, nuking a total of 15,55 c. for 
hauling and roadways. The difference of cost of hauling and 
roadways will be 15.55 -(2X3.225) =9.10 c. per yard or $910 

Digitized by VnOOQlC 



§ 117. EARTH WOHK. 140 

f<w tbe* 10000 yards. Offsetting thi?? is the cost of loosening, ctd.^ 
10000 yards, at 8.95 c, costing $895. These figures may be 
better compared as follows: 



LoNQ Haul. 



Borrowing 

AND 

Wasting. 



■lx)osening, etc., 10000 yards, (^ 8.95 c. $ 895. 

Hatiling, •* 10000 " @ 15.55 c. 1555. 



$2450. 



Loosening, etc., 10000 ysrda (borrowed), ® 8.95 e. $895. 
" 10000 " (wasted), ® 8.95 c. 895. 
Hauling, etc., 10000 " (borrowed), @ 3.225 c. 322.50 
" 10000 •• (wastfki), ^ 3.225 c. 322.50 



I 



$2435.00 



These costs are practically balanced, but no allowance has 
been made for right of way. If any cx)nsiderable amount had 
to be paid for that, it would decide this particular case in favor 
of the long haul. This shows that under these conditions 1800 
feet is about the limit of profitable haul, the land costing nothing 
extra. 



BLASTING. yj) ; 

117. Explosives. The effect of blasting is du# to the ex- 
tremely rapid expansion of a gas which is developed by the 
decomposition of a very small amount of solid matter. Blasting 
compounds naay be divided into two general classes, (a) slow- 
burtiing and (b) detonating. Gunpowder is a type of the slow- 
burning compounds. These are generally ignited by heat; the 
ighiticm proceeds from grain to grain; the heat and pressure 
produced are comparatively low. Nitro-glycerine is a tyi>e of 
the detonating compounds. They are exploded by a shock 
which instantaneously explodes the whole mass. The heat and 
pressure developed are far in excess of that produced by the 
explosion of powder. Nitro-glycerine is so easily exploded 
that it is very dangerous to handle. It was discovered that if 
the nitro-glyeerine was absorbed by a spongy material like infu- 
sorial earth, it was much less liable to explode, while its power 
when actually exploded was practically equal to that of the 
ambunt of pure nitro-glycerine contained in the dynamite, which 
is the name given to the mixture of nitro-glycerine and infusorial 
earth. Nitro-glycerine is expensive; many other explosive 
cheinical compounds which properly belong to the slow-burning 
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class are comparatively cheap. It has been conclusively demon- 
strated that a mixture of nitro-glycerine and some of the cheaper 
chemicals has a greater explosive force than the sum of the 
strengths of the component parts when exploded separately. 
Whatever the reason, the fact seems established. The reason is 
possibly that the explosion of the nitro-glycerine is sufficiently 
powerful to produce a detonation of the other chemicals, which 
is impossible to produce by ordinary means, and that this explo- 
sion caused by detonation is more powerful than an ordinary 
explosion. The majority of the explosive compounds and 
"powders" on the market are of this character — a mixture of 
/ 20 to 60 per cent, of nitro-glycerine with variable proportions of 
one or more of a great variety of explosive chemicals. 

The choice of the explosive depends on the character of the 
rock. A hard brittle rock is most effectively blasted by a 
detonating compound. The rapidity with which the full force 
of the explosive is developed has a shattering effect on a brittle 
substance. On the contrary, some of the softer tougher rocks 
and indurated clays are but little affected by dynamite. The 
result is but little more than an enlargement of the blast-hole. 
Quarrying must generally be done with blasting-powder, as the 
quicker explosives are too shattering. Although the results 
obtained by various experimenters are very variable, it may be 
said that pure nitro-glycerine is eight times as powerful as black 
powder, dynamite (75% nitro-glycerine) six times, and gun- 
cotton four to six times as powerful. For open work where 
time is not particularly valuable, black powder is by far the 
cheapest, but in tunnel-headings, whose progress determines the 
progress of the whole work, dynamite is so much more effective 
and so expedites the work that its use becomes economical. 

1 1 8. Drilling. Although many very complicated forms of 
drill-bars have been devised, the best form (with slight modifi- 
cations to suit circumstances) is as shown in Fig. 64, (a) and (6). 
The width should flare at the bottom (a) about 15 to 30%. For 
hard rock the curve of the edge should be somewhat flatter and 
for soft rock somewhat more curved than shown. Fig. 64, (a). 
Sometimes the angle of the two faces is varied from that given. 
Fig. 64, (6), and occasionally the edge is purposely blunted so 
as to give a crushing rather than a cutting effect. The drills 
will require sharpening for each 6 to 18 inches depth of hole, 
and will require a new edge to be worked every 2 to 4 days. 
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For drilling vertical holes the chum-dnU is the most econom- 
ical. The drill-bar is of iron, about 6 to 8 feet long, IJ'' in 
diameter, weighs about 25 to 30 lbs., and is shod with a piece 
of steel welded on. The bar is lifted a few inches between each 
blow, turned partially around, and allowed to fall, the impact 
doing the work. From 5 to 15 feet of holes, depending on the 
character of the rock, is a fair day's work — 10 hours. In very 
soft rocks even more than this may be done. This method is 




Fio. 64. 

inapplicable for inclined holes or even for vertical holes in con- 
fined places, such as tunnel-headings. For such places the only 
practical hand method is to use hammers. This may be done 
by light drills and light hammers (one-man work), or by heavier 
drills held by one man and struck by one or two men with heavy 
hammers. The conclasion of an exhaustive investigation as to 
the relative economy of Hght or heavy hammers is that the light- 
hammer method is more economical for the softer rocks, the 
heavy-hammer method is more economical for the harder rocks, 
but that the light-hammer method is always more expeditious 
and hence to be preferred when time is important. 

The subject of machine rock-drills is too vast to be treated 
here. The method is only practicable when the amount of 
work to be done is large, and especially when time is valuable. 
The machines are generally operated by compressed air for tun- 
nel-work, thus doing the additional service of supplying fresh 
air to the tunnel-headings where it is most needed. The cost 
per foot of hole drilled is quite variable, but is usually some- 
what less than that of hand-drilling — sometimes but a small 
fraction of it. 

119. Position and direction of drill-holes. As the cost of 
drilling holes is the largest single item in the total cost of blast- 
ing, it is necessary that skill and judgment should be used in so 
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§120. 



locating the holes that the blasts will be most effective. The 
greatest eflfect of a blast will evidently be in the direction of the 
'*line of least resistance/' In a strictly homogeneous material 
this will be the shortest line from the center of the explosive to 
the surface. The variations in homogeneity on account of 
laminations and seams require that each case shall be judged 
according to experience. In open-pit blasting it is generally 
easy to obtain two and sometimes three exposed faces to the 

rock, making it a simple matter 
to drill holes so that a blast will 
do effective work. When a solid 
face of rock must be broken int o, 
as in a tunnel-heading, the work 
is necessarily ineffectual and ex- 
pensive, A conical or wedge- 
shaped mass will first be blown 
out by simultaneous blasts in 
the holes marked 1, Fig. 65; 
blasts in the holes marked 2 and 
3 will then complete the cross- 
section of the heading. A great saving in cost may often be 
secured by skilfully taking advantage of seams, breaks, and irreg- 
ularities. When the work is economically done there is but little 
noise or throwing of rock, a covering of old timbers and branches 
of trees generally sufficing to confine the smaller pieces which 
would otherwise fly up. 

120. Amount of explosive. The amount of explosive required 
varies as the cube of the line of least resistance. The best 
results are obtained when the line of least resistance is J of the 
depth of the hole; also when the powder fills about J of the hole. 
For average rock the amount of powder required is as follows: 




DRILL HOLES IN TUNNEL HEADING 

Fi0. M, 



Line of least reeistance 

Weiffht of Dowder 


2 ft. 
i lb. 


4 ft. 
2 lbs. 


6 ft. 
6| lbs. 


8 ft. 
16 lbs. 







Strict compliance with all of the above conditions would re- 
quire that the diameter of the hole should vary for every case. 
While this is impracticable, there should evidently be some 
variation in the size of the hole, depending on the work to be 
done. For example, a 1" hole, drilled 2' S'^ deep, with its 
line of least resistance 2'. and loaded with J lb. of powder, would 
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be filled to a depth of 9J", which is uearly ^ of the depth. A 
3" hole, drilled 8' deep, with its line of least resistance 6', and 
loaded with 6i lbs. of powder, would be filled to a depth of over 
28", which is also nearly i of the depth. One pound of blasting- 
powder will occupy about 28 cubic inches. Quarrying necessi- 
tates the use of i>unierous and soiuetimes repeated light charges of 
powder, as a heavy blast or a powerful explosive lilLo dynamite 
is apt to shatter the rock. This requires more powder to the 
cubic yard than blasting for mere excavation, which may usually 
be done by the use of J to J lb. of powder per cubic yard of easy 
open blasting. On account of the great resistance offered by 
rock when blasted in headings in tunnels, the powder used per 
cubic yard will run up to 2, 4, and even 6 lbs. per cubic yard. 
As before stated, nitro-glycerine is about eight times (and 
dynamite about six times) as powerful as the same weight of 
powder. 

1 2 J. Tamping. Blasting-powder and the slow-burning ex- 
plosives require thorough tamping. Clay is probably the best, 
but sand and fine powdered rock are also used. Wooden plugs, 
inverted expansive cones, etc., are periodically reinvented by 
enthusiastic inventors, only to be discarded for the simpler 
methods. Owing to the extreme rapidity of the development 
of the force of a nitro-glycerine or dynamite explosion, tamping 
is not so essential with these explosives, although it unquestion- 
ably adds to their effectiveness. Blasting under water has been 
effectively accomplished by merely pouring nitro-glycerine into 
the drilled holes through a tube and then exploding the charge 
without any tamping except that furnished by tlie superincum- 
bent water. It has been found that air-spaces about a charge 
make a material reduction in the effectiveness of the explosion. 
It is therefore necessary to carefully ram the explosive into a 
solid mass. Of course the liquid nitro-glycerine needs no ram- 
ming, but dynamite should be rammed with a wooden rammer. 
Iron should be carefully avoided in ramming gunpowder. A 
copper bar is generally used. 

j22e £xplP4ing the charge. Black powder is generally ex- 
ploded by means of a fuse which is essentially a cord in which 
there is a thin vein of gunpowder, the cord being protected by 
tar, e^irsL linings of hemp, cotton, or even gutta-percha. The 
fuse is inserted into the middle of the charge, and the tamping 
carefully packed around it so that it will not be injured. To 
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produce the detonation required to explode nitro-glycerine and 
dynamite, there must be an initial explosion of some eaaly 
ignited explosive. This is generally accomplished by means of 
caps containing fulminating-powder which are exploded by 
electricity. The electricity (in one class of caps) heats a very 
fine platinum wire to redness, thereby igniting the sensitive 
powder, or (in another class) a spark is caused to jump through 
the powder between the ends of two wires suitably separated. 
Dynamite can also be exploded by using a small cartridge of 
^npowder which is itself exploded by an ordinary fuse. 

123. Cost Trautwine estimates the cost of blasting (for 
mere excavation) as averaging 45 cents per cubic yard, falling 
as low as 30 cents for easy but brittle rock, and running up to 
60 cents and even $1 when the cutting is shallow, the rock 
especially tough, and the strata imfavorably placed. Soft tough 
rock frequently requires more powder than harder brittle rock. 

124. Classification of excavated material. The classification 
of excavated material is a fruitful source of dispute between 
contractors and railroad companies, owing mainly to the fact 
that the variation between the softest earth and the hardest rock 
is so gradual that it is very difficult to describe distinctions 
between different classifications which are unmistakable and 
indisputable. The classification frequently used is (a) earth, 
(b) loose rock, and (c) solid rock. As blasting is frequently 
used to loosen "loose rock" and even "earth" (if it is frozen), 
the fact that blasting is employed cannot be used as a criterion, 
especially as this would (if allowed) lead to unnecessary blasting 
for the sake of classifying material as rock. 

Earth. This includes clay, sand, gravel, loam, decomposed 
rock and slate, boulders or loose stones not greater than 1 cubic 
foot (3 cubic feet, P. R. R.), and sometimes even "hard-pan."* 
In general it will signify material which can be loosened by a 
plough with two horses, or with which one picker can keep one 
shoveller busy. 

Loose rock. This includes boulders and loose stones of more 
than one cubic foot and less than one cubic yard; stratified rock, 
not more than six inches thick, separated by a stratum of clay ; 
also all material (not classified as earth) which may be loosened 
by pick or bar and which ^' can be quarried without blasting, 
elthougjh blasting may occasionally be resorted to," 
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Solid rock includes all rock found in masses of over one cubic 
yard which cannot be removed except by blasting. 

It is generally specified that the engineer of the railroad 
compimy shall be the judge of the classification of the material, 
but frequently an appeal is taken from his decisions to the 
courts. 

125. Specifications for earthwork. The following specifica- 
tions, issued by the Norfolk and Western R, R., represent the 
average requirements. It should be remembered that very 
strict specifications invariably increase the cost of the work, 
and frequently add to the cost more than is gained by improved 
quality of work. 

1. The grading will be estimated and paid for by the cubic 
yard, and wiU include clearing and grubbing, and all open ex- 
cavations, channels, and embankments required for the forma- 
tion of the roadbed, and for turnouts and sidings; cutting all 
ditches or drains about or contiguous to the road; digging the 
foundation-pits of all culverts, bridges, or walls; reconstructing 
turnpikes or conunon roads in cases where they are destroj^ed-or 
interfered with; changing the course or channel of streams; and 
all other excavations or embankments connected with or incident 
to the construction of said Railroad. 

2. All grading, except where otherwise specified, whether 
for cuts or fills, will be measured in the excavations and will be 
classified under the following heads, viz.: Solid Rock, Loose 
Rock, Hard-pan, and Earth. 

Solid Rock shall include all rock occurring in masses which, 
in the judgment of the said Engineer Maintenance of Way, may 
be best removed by blasting. 

Loose Rock shall include all kinds of shale, soapstone, and 
other rock which, in the judgment of the said Engineer Main- 
tenance of Way, can be removed by pick and bar, and is soft and 
loose enough to be removed without blasting, although blasting 
may be occasionally resorted to ; also, detached stone of less than 
one (1) cubic yard and more than one (1) cubic foot. 

Hard-pan shall consist of tough indurated clay or cemented 
gravel, which requires blasting or other equally expensive 
means for its removal, or which cannot be ploughed with less 
than four horses and a railroad plough, or which requires two 
pickers to a shoveller, the said Engineer Maintenance of Way 
to be the judge of these conditions. 
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Earth shall include all material of an earthy nature, of what- 
ever name or character, not itnc|tiestionably loOse tack Or hard- 
pan as above defined. 

Powder. The use of powder in cuts will not be considered 
as a reason for any other (Classification thftn earth, unless the 
material in the cut is clearly other than earth under the above 
specifications. 

3. Earth, gravel, and other materials taken from the exca- 
vations, except when otherwise directed by the said Engineer 
Maintenance of Way or his assistant, shall be deposited in the 
adjacent embankment; the cost of removing and depositing 
which, when the distance necessary to be hauled is not more 
than sixteen hundred (1600) feet, shall be included in the price 
paid for the excavation. 

4. Extra Haul will be estimated and paid for as follows: 
whenever material from excavations is necessarily hauled a 
greater distance than sixteen hundred (1600) feet, there shall be 
paid in addition to the price of excavation the price of extra 
haul per 100 feet, or part thereof, after the first 1600 feet; the 
necessary haul to be determined in each case by the said Engi- 
neer Maintenance of Way or his assistant, from the profile and 
cross-sections, and the estimates to be in accordance therewith. 

5. All embankments shall be made in layers of such thick- 
ness and carried on in such manner as the said Engineer Maitite- 
nanee of Way or his assistant may prescribe, the stone and heavy 
materials being placed in sloj>es and top. And in completing 
the fills to the proper grade such additional heights and fulness 
of slope shall be given them, to provide for their settlement, as 
the said Engineer Maintenance of Way, or his assistant, may 
direct. Embankments about masonry shall be built at such 
times and in such manner and of such materials as the said Engi- 
neer Maintenance of Way or his assistant may direct. 

6. In procuring materials for embankments from without 
the line of the road, and in wasting materials from cuttings, the 
place and manner of doing it shall in each case be indicated by 
the Engineer Maintenance of Way or his assistant; and care 
must be taken to injure or disfigure the land as little as possible. 
Borrow-pits and spoil-banks must be left by the Omtractor in 
regular and sightly shape. 

7. The lands of the said Railroad Company shall be cleared 
to the extent required by the said Engineer Maintenanee of 
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Way, or his assistant;, of all trees, brushes, logs, and other perish- 
able matef iils, which shall be destroyed by burning or deposited 
in heaps as the said Engineer Maintenanee of Way, or his assist* 
aht, may direct. Large trees must be cut not more than two 
and otif€^-half (2^) feet from the ground, a«d under embank- 
ments less than four (4) feet high they shall be cut close to tbe 
gt-otmd. All stiiall t^ees and bitshes shall be cut closed to the 
ground. 

8. Clearing shall be estimated and paid for by the acre or 
fraction of ah ante. 

9. All stumps, roots, logs, and other obstructions shall be 
grubbed out, and removed from all places where embankments 
occur less than two (2) feet in height ; also, from all places Wherfe 
excavations occur and from such other places as the said Engi- 
neer Maintenance of Way or his assistant may direct. 

10. Grubbing shall be estimated and paid for by the acre or 
fraction of an acre. 

11. Contractors, when directed by the said Engineer Main- 
tenance of Way or his assistant in charge of the work, will deposit 
on the side of the road, or at such convenient points as may be 
designated, any stone, rock, or other materials that they may 
excavate; and all materials excavated and deposited as above, 
together with all timber removed from the line of the road, will 
be considered the property of the Railroad Company, and the 
Contractors upon the respective sections will be responsible foi 
its safe-keeping until removed by said Railroad Company, or 
until their work is finished. 

12. Contractors will be accountable for the maintenance of 
safe and convenient places wherever public or private roads are 
in any way interfered with by them during the progress of the 
work. They will also be responsible for fences throv^oi down, 
and for gates and bars left open, and for all damages occasioned 
thereby. 

13. Temporary bridges and trestles, erected to facilitate the 
progress of the work, in case of delays at masonry structures 
from any cause, or for other reasons, will be at the expense of 
the Contractor. 

14. The line of road or the gradients may be changed in any 
manner, and at any time, if the said .Engineer Maintenance of 
Way or his assistant shall consider such a change necessary or 
expedient; but no claim for an increase in prices of excavation 
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or embankment on the part of the Contractor will be allowed 
or considered unless made in writing before the work on that 
part of the section where the alteration has been made shall have 
been commenced. The said Engineer Maintenance of Way or 
his assistant may also, on the conditions last recited, increase or 
diminish the length oi any section for the purpose of more nearly 
equalizing or balancing the excavations and embankments, or 
for any other reason. 

15. The roadbed will be graded as directed by the said En- 
gineer Maintenance of Way or his assistant, and in conformity 
with such breadths, depths, and slopes of cutting and filling as 
he may prescribe from time to time, and no part of the work 
will be finally accepted imtil it is properly completed and dressed 
off at the required grade. 
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CHAPTER IV. 

TRESTLES. 

126. Extent of use. Trestles constitute from 1 to 3% of the 
length of the average railroad. It was estimated in 1889 that 
there was then about 2400 miles of single-track railway trestle 
in the United States, divided among 160,000 structiu^s and esti- 
mated to cost about $75,000,000. The annual charge for main- 
tenance, estimated at i of the cost, therefore amounted to about 
$9,500,000 and necessitated the annual use of perhaps 300,000,000 
ft. B. M. of timber. The corresponding figures at the present 
time must be somewhat in excess of this. The magnitude of 
this use, which is causing the rapid disappearance of forests, has 
resulted in endeavors to limit the use of timber for this purpose. 
Trestles may be considered as justifiable under the following 
conditions: 

a. Permanent trestles, 

1. Those of extreme height — ^then called viaducts and fre- 
quently constructed of iron or steel, as the Kinzua viaduct, 302 
ft. high. 

2. Those across waterways — e.g,, that across Lake Pontchar- 
train, near New Orleans, 22 miles long. 

3. Those across swamps of soft deep mud, or across a river- 
bottom, liable to occasional overflow. 

b. Temporary trestles, 

1. To open the road for traffic as quickly as possible — often* 
a reason of great financial importance. 

2. To quickly replace a more elaborate structure, destroyed 
by accident, on a road already in operation, so that the inter- 
ruption to traffic shall be a minimum. 

3. To form an earth embankment with earth brought from 
a distant point by the train-load, when such a measure would 
cost less than to borrow earth in the immediate neighborhood. 

4. To bridge an opening temporarily and thus allow time to 
learn the regimen of a stream in order to better proportion the 
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size of the waterway and also to facilitate bringing suitable stone 
for masonry from a distance. In a new country there is always 
the double danger of either building a culvert too small, requir- 
ing expensive reconstruction, perhaps after a disastrous washout, 
or else wasting money by constructing the culvert unnecessarily 
large. "Much masonry has been builfc of a very poor quality of 
stone because it could be conveniently obtained and because 
good stone was unobtainable except at a prohibitive cost for' 
transportation. Opening the road for traffic by the use of 
t«nporary trestles obviates both of these difficulties. 

127. TrestltB vs. embankments. Low embankments are very 
much cheaper than low trestles both in first cost and mainte- 
nance. Very high embankments are very expensive to con- 
struct, but cost compajratively little to maintain. A trestle of 
equal height may cost much less to construct, but will be expen- 
sive to maintain — perhaps J of its cost per year. To determine 
the height beyond which it will be cheaper to maintain a trestle 
rathar than build an embankment, it will be necessary to allow 
for tha cost of maintenance. The height will also depend on 
the relative cost of timber, labor, and earthwork. At the pres- 
ent average values, it will be found that for less heights than 
25 feet the first cost of an embankment will generally be lesi 
than that of a trestle ; " this implies that a permanent trestle 
should never be constructed with a height less than 25 feet except 
for the reasons given in J 126. The height at which a permanent 
trestle is certainly cheaper than earthwork is more uncertain. 
A high grade line joining two hills will invariably imply at least 
a culvert if an embankment is used. If the culvert is built of 
masonry, the cost of the embankment will be so increased that 
the height at which a trestle becomes economical will be mate- 
rially reduced. The cost of an embankment increases much 
more rapidly than the height — with very high embankments 
more nearly as the square of the height— while the cost of 
trestles does not increase as rapidly as the height. Although 
local circumstances may modify the application of any set rules, 
it is probably seldom that it will be cheaper to build an embank- 
ment 40 or 50 feet high than to permanently maintain a wooden 
trestle of that height. A steel viaduct would probably be the 
best solution of such a case. These are frequently used for 
permanent structures, especially when very high. The cost of 
maintensnce is much less than that of wood, which makes the 
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use of iron or steel preferable for permanent trestles unless wood 
is abnormally cheap. Neither the cost nor the construction 
of iron or steel trestles will be considered in this chapter. 

128. Two principal tjpes. There are two principal types of 
wooden trestles — pile tr^tles and framed trestles. The great 
objection to pile trestles is the rapid rotting of the portion of the 
pile which is underground, and the difficulty of renewal. The 
maximum height of pile trestles is about 30 feet, and even this 
height is seldom reached. Frwned trestles have been con- 
structed to a height of considerably over 100 feet They are 
frequently built in such a manner that any injured piece may be 
readily taken out and renewed without interfering with traffic. 
Trestles consist of two parts — the supports called "bents," and 
the stringers and floor system. As the stringers and floor system 
are the same for both pile and framed trestles, the " bents " are 
all that need be considered separately. 



PILE THESTLES. 

129. Pile bents. A pile bent consists generally of four piles 
driven into the ground deep enough to afford not only sufficient 
vertical resistance but also lateral resistance. On top of these 
piles is placed a horizontal "cap." The caps are fastened to 
the tops of the piles by methods illustrated in Fig. 66. The 
method of fastening shown in each case should not be considered 
as applicable only to the particular type of pile bent used to illus- 
trate it. Fig. 66 (a and d) illustrates a mortise-joint with a hard»» 
wood pin about IJ" in diameter. The hole for the pin should 
be bored separately through the cap and the mortise, and the 
hole through the cap should be at a slightly higher level than 
that through the mortise, so that the cap will be drawn down 
tight when the pin is driven. Occasionally an iron dowel (an 
iron pin about li" in diameter and about 6" long) is inserted 
partly in the cap and partly in the pile. The use of drift-bolts, 
shown in Fig. 66 (6), is cheaper in first cost, but renders repairs 
and renewals very troublesome and expensive. "Split caps," 
shown in Fig. 66 (c), are formed by bolting two half-size strips 
on each side of a tenon on top of the pile. Repairs are very 
easily and cheaply made without interference with the traffic 
and without injuring other pieces of the bent. The smaller 
piecfes aj-e more eajBily obtainable in a sound condition; tbo 
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decay of one does not affect the other, and the first cost is but 
little if any greater than the method of using a single piece. For 
further discussion, see § 136. 

For very light traffic and for a height of about 5 feet three 
vertical piles will suffice, as shown in Fig. 66 (a). Up to a height 




Fig. 66. 

of 8 or 10 feet four piles may be used without sway-bracing, as 
in Fig 66 (6), if the piles have a good bearing. For heights 
greater than 10 feet sway-bracing is generally necessary. The 
outside piles are frequently driven with a batter varying from 
1 : 12 to 1 : 4. 

Piles are made, if possible, from timber obtained in the 
vicinity of the work. Durability is the great requisite rather 
than strength, for almost any timber is strong enough (except 
as noted below) and will be suitable if it will resist rapid decay. 
The following list is quoted as being in the order of preference 
on account of durability: 

1. Red cedar 

2. Red cjrpress 

3. Pitch-pine 

4. Yellow pine 



5. White pine 

6. Redwood 

7. Elm 

8. Spruce 



9. White oak 

10. Post-oak 

11. Bed oak 



12. Black oak 

13. Hemlock 

14. Tamarao 



Red-cedar piles are said to have an average life of 27 years 
with a possible maximum of 50 years, but the timber is rather 

Digitized by VnOOQlC 



§ 130. TKESTLES, 163 

weak, and if exposed in a river to flowing ice or driftwood is 
apt to be injured. Under these circumstances oak is prefer- 
able, although its life may be only 13 to 18 years. 

130. Methods of driving piles. The following are the prin^ 
cipal methods of driving piles: 

a. A hammer weighing 2000 to 3000 lbs. or more, sliding 
in guides, is drawn up by horse-power or a portable engine, and 
allowed to fall freely, 

h. The same as above except that the hammer does not fall 
freely, but drags the rope and revolving drum as it faUs and is 
thus quite materially retarded. The mechanism is a little more 
simple, but is less effective, and is sMnetimes made dehberately 
deceptive by a contractor by retarding the blow, in order to 
apparently indicate the requisite resistance on the part of 
the pile. 

The above methods have the advantage that the mechanism 
is cheap and can be transported into a new country with com- 
parative ease, but the woric done is somewhat ineffective and 
costly compared with some of the more elaborate methods 
given below. 

c. Gunpowder pile-drivers, which automatically explode a 
cartridge every time the hammer faUs. The explosion not only 
forces the pile down, but throws up the hanuner for the next 
blow. For a given height of fall the effect is therefore doubled. 
It has been shown by experience, however, that when it is at- 
tempted to use such a pile-driver rapidly the mechanism be- 
comes so heated that the cartridges explode prematurely, and the 
method has therefore been abandoned. 

d. Steam pile-drivers, in which the hammer is operated 
directly by steam. The hammer falls freely a height of about 
40 inches and is raised again by steam. The effectiv^iess is 
largely due to the rapidity of the blows, which does not allow 
time between the blows for the ground to settle around the pile 
and increase the resistance, which does happen when the bJov.s 
are infrequent. "The hammer-cylinder weighs 5500 lbs., and 
with 60 to 75 lbs. of steam gives 75 to 80 blows per minute. 
With 41 blows a large unpointed pile was driven 35 feet into a 
hard clay bottom in half a minute. ' ' Such a driver would cost 
about $800. 

The above four methods are those usual for dry earth. In 
very soft wet or sandy soils, where an unlimited supply of water 
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is available, the water-jet is sometimes employed. A pipe is 
fastened along the side of the pile And extends to the pile-point. 
If water is forced through the pipe, it loosens the sand aroimd 
the point and, rising along the sides, decreases the side resist- 
ance so that the pile sinks by its own weight, aided p>erhaps by- 
extra weights loaded on. This loading may be accomplished by 
connecting the top of the pile and the pile-driver by a block 
and tackle so that a portion of the weight of the pile-driver is 
continually thrown on the pile. 

Excessive driving frequently fractures the pile below the 
surface and thereby greatly weakens its bearing power. To 
prevent excessive "brooming" of the top of the 
pile, OTring to the action of the hammer, the top 
should be protected by an iron ring fitted to the 
top of the pile. The "broomi^g" not only ren- 
ders the driving ineffective and hence uneconomi- 
cal, but vitiates the value of any test of the bearing 
power of the pile by noting the sinking due to a 
given weight falling a given distance. If the pile 
is so soft that brooming is unavoidable, the top 
should be adzed off frequently, and especially 
should it be done just before the final blows which are to test its 
bearing-power. 

In a new country judgment and experience will be required 
to decide intelligently whether to employ a simple drop-hammer 
machine, operated by horse-power and easily transported but 
uneconomical in operation, or a more complicated machine 
working cheaply and effectively after being transported at 
greater expense. 

131. Pile-driving formulae. If 72= the resistance of a pile, 
and 8 the set of the pile during the last blow, w the weight of 
the pile-hammer, and h the fall during the last blow, then we 

wH 
may state the approximate relation that RiS^wh, or R = — . 

This is the basic principle of all rational formulae, but the maxi- 
mmn weight which a pile will sustain after it has been driven 
some time is by no means equal to the resistance of the pite 
during the last blow. There are also many other modifying 
elements which have been variously allowed for in the many 
proposed formulse. The formulae range from the extreme of 
rmpirieal simplicity to very complicated attempts to allow 
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{MToperly for all modifying causes. As tha simplest rule, speci- 
fications sometimes require that the piles shall be driven until 
the pile will not sink more than 5 inches under five consecutive 
blows of a 2000rlb. hammer falling 25 feet. The " Engineering 

News formula" * gives the safe load as -— y, in which w = 

weight of hammer, /i=fall in feet, s=set of pile in inches under 
the last blow. This formula is derived from the above basic 
formula by calling the safe load i of the final resistance, and 
by adding (arbitrarily) 1 to the final set («) as a compensation 
for the extra resistance caused by the settling of earth around 
the pile between each blow. This formula is used only for 
ordinary hammer-driving. When the piles are driven by a 

steam pile-driver the formula becomes safe load = — ^r-r. For 
*^ s + 0.1 

the "gunpowder pile-driver," since the explosion of the cartridge 

drives the pile in with the same force with which it throws the 

hammer upward, the effect is tmce that of the fall of the hammer, 

and the formula becomes safe load = — --^r--. In these last two 

s + 0.1 

formulae the constant in the denominator is changed from s + 1 

to s-f-0.1. The constaiit (10 or 0,1) is supposed to allow, as 

before stated, for the e^ect of the extra resistance caused by the 

earth settling around the pile between each blow, ilie more 

rapid the blows the less the opportunity to settle and the less 

the proper value of the constant. 

The al)ove formula have been given on account of their 
simplicity and their practical agreement with experience. Many 
other fonnulse have been proposed, the majority of which are 
more copaplicated apd attempt to take into account the weight of 
the pile, resistance of the guides, etc. While these elements, 
as well as rnany others, have their influence, their effect is so 
overshadowed by the indeterminable effect of other elements — 
as, for example, the effect of the settlement of earth around the 
pile between blows — tl^t it is useless to attempt to employ any- 
thing but a purely empirical formula. 

Examples. 1. A pile was driven with an ordinary hammer 
We^hing 2500 pouyids imtil the sinking under five consecutive 
blows was 15i inches. The fall of the hammer during the last 

♦ Engineering Newa^ Nov. 17, 1802. 
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blows was 24 feet. What was the safe bearing power of the 
pile? 



2wh 2X 2500 X 24 120000 
« + l"(iXl5.5) + l" 4.1 



=29300 pounds. 



2. Piles are being driven into a firm soil with a steam pile- 
driver until they show a safe bearing power of 20 tons. The 
hammer weighs 5500 pounds and its fall is 40 inches. What 
should be the sinking under the final blow? 



40000= 



2wh 2X5500X3.33 
% + 0.1" s+0.1 ' 



-S-^-^--«^-^- 



) 



Fio. 68. 




132. Pile-points and pile-shoes. Piles are generally sharpened 
to a blunt point. If the pile is Uable to strike boulders, sunken 

logs, or other obstructions which are 
liable to turn the point, it ii necessary 
to protect the point by some form of 
shoe. Several forms in cast iron have 
been used, also a wrought-iron shoe, 
having four ''straps" radiating from 
the apex, the straps being nailed on to 
the pile, as shown in Fig. 68 (6). The 
cast-iron form shown in Fig. 68 (a) 
has a base cast around a drift-bolt. 
The recess on the top of the base re- 
ceives the bottom of the pile and pre- 
vents a tendency to split the bottom of the pile or to force the 
shoe ofif laterally. 

133. Details of design. No theoretical calculations of the 
strength of pile bents need be attempted on account of the ex- 
treme complication of the theoretical strains, the uncertainty as 
to the real strength of the timber used, the variabiUty of that 
strength with time, and the insignificance of the economy that 
would be possible even if exact sizes could be computed. The 
piles are generally required to be not less than 10" or 12" in 
diameter at the large end. The P. R. R. requxes that they shall 
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be "not less than 14 and 7 inches in diameter at butt and small 
end respectively, exclusive of bark, which must be removed." 
The removal of the bark is generally required in good work. 
Soft durable woods, such as are mentioned in § 129, are best 
for the piles, but the caps are generally made of oak or yellow 
pine. The caps are generally 14 feet long (for single track) 
with a cross-section 12"Xl2" or 12"Xl4". "Split caps", 
would consist of two pieces 6"Xl2". The sway-braces, never 
used for less heights than 6', are made of 3" X 12" timber, and 
are spiked on with f " spikes 8" long. The floor system will be 
the same as that described later for framed trestles. 

134. Cost of pile trestles. The cost, per linear foot, of piling 
depends on the method of driving, the scarcity of suitable tim- 
ber, the price of labor, the length of the piles, and the amount 
of shifting of the pile-driver required. The cost of soft-wood 
piles varies from 8 to 15 c. per lineal foot, and the cost of oak 
piles varies from 10 to 30 c. per foot according to the length, 
the longer piles costing more per foot. The cost of driving will 
average about $2.50 per pile, or 7.5 to 10 c. per lineal foot. 
Since the cost of shifting the pile-driver is quite an item in the 
total cost, the cost of driving a long pile would be less per foot 
than for a short pile, but on the other hand the cost of the pile 
is greater per foot, which tends to make the total cost per foot 
constant. Specifications generally say that the pihng will be 
paid for per lineal foot of piling left in the work. The wastage 
of the tops of piles sawed off is always something, and is fre- 
quently very large. Sometimes a small amount per foot of 
piling sawed off is allowed the contractor as compensation for 
his loss. This reduces the contractor's risk and possibly reduces 
his bid by an equal or greater amoimt than the extra amoimt 
actually paid him. 



FBAMED TRESTLES. 

135. Typical design. A typical design for a framed trestle 
bent is given in Fig. 69. This represents, with slight variations 
of detail, the plan according to which a large part of the framed 
trestle bents of the country have been built — i.e., of those less 
than 20 or 30 feet in height, not requiring multiple story con- 
struction. 

136. Joints, (a) The mortise-and- tenon joint is illustrated in 
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fig. 69 and also in Fig. 66 (a). The tenon should be about 





Fia. 70. 



Fio. 69. 

3^' thick, 8'' wide, and 5i'' lo^g- The mortise should be cut 
a little deeper thah the tenon. "Drip-holes'* 
from the mortise to the outside will assist in 
draining off water that may accumulate in the 
joint and thus prevent the rapid decay that 
would otherwise ensue. These joints are very 
troublesome if a single post decays and requires 
renewal. It is generally required that the mor- 
tise and tenon should be thoroughly daubed 

with paint before putting them together. This will tend to 

make the joint water-tight and prevent decay from the accu- 
mulation and retention of water in the joint, 
(b) The plaster joint This joint is made bv bolting and 

spiking a 3"Xl2" plank on 

both sides of the joint. The 

cap and sill should be 

notched to receive the posts. 

Repairs are greatly facili* 

tated by the use of these 

joints. This method has been 

used by the Delaware and 

Hudson Canal Co. [R. R.]. 




Fig. 71. 



(c) Iron plates. An iron plate of the form shown in Fig. 72 
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(b) 
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(b) is bent and used ad 9ho>m in Fig. 72 (a). Bolts passing 
through the bolt - holes 
shown secure the plates 
to the timbers and mak© 
a strong joint which may 

bcJ readily loosened for re- ► 

pairs. By slight modifi- 
cations in the design the 
method may be used for 
inclined posts and compli- 
cated joints. 

(d) Split caps and sills* 
These are described in 
§ 129. Their advantages apply with even greater force to 
framed trestles. 

(e) Dowels and drift-bolts. These joints facilitate cheap and 
rapid construction, but renewals and repairs are very difficult, it 
being almost impossible to extract a drift-bolt, which has been 
driven its full length, without splitting open the pieces contain- 
ing it. Notwithstanding this objection they are extensively 
used, especially for temporary work which is not expected to 
be used long enough to need repairs. 

137. Multiple-stofy construe- 
tion. Single-story framed trestle 
bents are used for heights up 
to 18 or 20 feet and exception- 
ally up to 30 feet. For greater 
heights some such construction as 
is illustrated in a skeleton design 
in Fig. 73 is used. By using split 
sills between each story and sepa- 
rate vertical and batter posts in ' 
each story, any piece may readily 
be removed and renewed if neces- 
sary. The height of these stories 
varies, in different designs, from 
15 to 25 and even 30 feet. In 
some designs the structure of each 
story is independent of the stories 
above and below. This greatly 
facilitated both the original construction and subsequent repair* 
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In other designs the verticals and batter-posts are made con- 
tinuous through two consecutive stories. The structure is 
somewhat stiffer, but is much more difficult to repair. 

Since the bents of any trestle are usually of variable height 
and those heights are not always an even multiple of the uniform 
height desired for the stories, it becomes necessary to make the 
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upper stories of imif orm height and let the odd amoimt go to the 
lowest story, as shown in Figs. 73 and 74. 

138. Span. The shorter the span the greater the nmnber of 
trestle bents ; the longer the span the greater the required strength 
of the stringers supporting the floor. Economy demands the 
adoption of a span that shall make the sum of these require- 
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ments a minimum. The higher the trestle the greater the cost 
of each bent, and the greater the span that would be justifiable. 
Nearly all trestles have bents of variable height, but the advan- 
tage of employing uniform standard sizes is so grea+ that many 
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roads use the same span and sizes of timber not only for the 
panels of any given trestle, but also for all trestles regardless of 
height. The spans generally used vary from 10 to 16 feet. The 
Norfolk and Western R. R. uses a span of 12' 6" for all single- 
story trestles, and a span of 25' for all multiple-story trestles. 
The stringers are the same in both cases, but when the span is 
25 feet, knee-braces are run from the sill of the first story below 
to near the middle of each set of stringers. These knee-braces' 
are connected at the top by a "straining-beam" on which the 
stringers rest, thus supporting the stringer in the center and vir- 
tually reducing the span about one-half. 

139. Foundations, (a) Piles. Piles are frequently used as a 
foundation, as in Fig. 76, particularly in soft ground, and also 
for temporary structures. These 
foundations are cheap, quickly 
constructed, and are particularly 
valuable when it is financially 
necessary to open the road for 
traffic as soon as possible and 
with the least expenditure of 
money; but there is the disad- 
vantage of inevitable decay 
within a few years unless the piles are chemically treated, as will 
be discussed later. Chemical treatment, however, increases the 
cost so that such a foimdation would often cost more than a 
foundation of stone. A pile should be driven under each post 
as shown in Fig. 76. 

(b) Mud-sills. Fig. 77 illustrates the use of mud-sills as 

built by the Louisville and 
Nashville R. R. Eight blocks 
12"X12"X6' are used under 
each bent. When the ground 
is very soft, two additional 
timbers (12" X 12" X length of 
bent-sill), as shown by the 

. „ ■ . ji I ■ XXI ' ^^*^^ lines, are placed imder- 

tjrjlllll"ljtilllllll neath. The number required 
LJLJ UULJ U-J evidently depends on the na- 

^° • ^"^^ ture of the ground. 

(c) Stone foundations. Stone foundations are the best and 
the most expensive. For very high trestles the Norfolk and 
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Wiestem R. R. employs foundations as skown in Fig. 78, the 
walls being 4 feet thick. When the height of the trestle is 72 
feet or less (the plans requiring for 72' in h^ht a foundatixwaH 
wall 39^ W long) the founcjatitm is made continuous. Hie lall 
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Fig. 78. 

of the trestle e^uld Fest on several short lengths of 3"Xl2" 
plank laid transverse to the sill on top of the wall. 

140. Longitudinal bracing. This is required to give the 
structure longitudinal stiffness and also to reduce the ccdumnar 
length of the posts. This bracing generally consists of hori- 
zontal "walingrstrips" and diagonal braces. Sometimes the 
braces are placed wholly on the outside posts unless the trestle 
is very high. For single-story trestles the P. R. R. employs 
the "laced" system, i.e., a line of posts joining the cap of one 
bent wdth the sJU of the next, and the sill of that bent with the 
cap of the next. Some plans employ braces forming an X in 
alternate panels. Connecting these braces in the center more 
than doubles their columnar strength. Diagonal braces, when 
bolted to posts, should be fastened to them as near the ends of 
the posts as possible. The sizes employed vary largely, depend- 
ing on the clear length and on whether they are expected to act 
by tension or compression. 3"X12" planks are often used 
when the design would require tensile strength only, and W X 8" 
posts are often used when compression may be expected. 

141. Lateral bracing. Several of the more recent designs of 
trestles employ diagonal lateral bracing between the caps of 
adjacent bents. It adds greatly to the stiffness of the trestle 
and better maintains its alignment. 6"X6" posts, forming 
an X and connected at the center, will answer the purpose. 

142. Abutments. When suitable stone few masonry is at 
hand and a suitable subsoil for a foundation is obtainable wjthout 
too much excavation, a masonry abutment will be the best. 
Such an abutment would probably be vised when masonry foot- 
ings for trestle bents were employed (§ 139, c). 

Another method is to construct a **crib" of 10"X12" timber. 
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